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FOREWORD

This volume presents the proceedings of a confer
ence at the University of Alaska-Fairbanks on “The
Potential Effects of Carbon Dioxide-Induced Climatic
Change in Alaska.” The idea behind the conference
developed about five years ago, when several of us at
the university began to think seriously about the
“warming hypothesis.” The potential impact of
carbon dioxide-induced climatic change is expected
to be far greater in polar regions than elsewhere on the
planet, and I remembered then what Confucius said,
“Those who do not prepare for change are likely to be
overwhelmed by it.” The conference was a means to
bring people together—Alaska scientists who have been
concerned about global warming and national experts—
in a serious discussion of the implications of global
warming in one critical region of the world. However,
unlike the standard scientific discussions of the warm
ing hypothesis, we asked humanists to play a part in
designing the conference agenda, speaker list, and
topics of discussion. And we asked humanists to exam
ine the quality of the scientific evidence about the
warming hypothesis and to frame questions that
scientific experts should be addressing.
The papers and discussions of the conference are
presented in four parts. The first section considers the
general nature of carbon dioxide problems. In the sec
ond section, national and Alaska scientists discuss
climatic indicators, examining the ways in which
climates change. The third section assesses the impacts
that might be expected from changes in carbon dioxide
levels. The final section presents ideas of conference
participants on strategies to address impacts of climatic
change.
The conference was sponsored by the School of
Agriculture and Land Resources Management, Univer

sity of Alaska-Fairbanks, and the Alaska Humanities
Forum. The Alaska Humanities Forum and the Nation
al Endowment for the Humanities provided generous
financial assistance in the organization of the con
ference. The Agricultural Experiment Station gave
critical assistance in conducting the conference and in
securing the publication of the conference proceedings.
The conference was developed and organized by
Jenifer Huang McBeath, Gunter Weller, Glenn Patrick
Juday, T.E. Osterkamp, and Richard A. Neve.
We gratefully acknowledge the support of Dr.
James V. Drew, dean of the School of Agriculture and
Land Resources Management and director of the
Agricultural Experiment Station. Without Dr. Drew's
interest in the project and support at each stage of
development, the meetings and proceedings would not
have been possible. Gary Holthaus, executive director
of the Alaska Humanities Forum, was instrumental in
conference planning. Colleagues at the university—
Professors John Kelley and William S. Reeburgh of the
Institute of Marine Sciences, Claus M. Naske and
Andrea R.C. Helms of the College of Arts and Sci
ences, and Monica E. Thomas of the School of Man
agement—gave freely of their ideas and time in the
organization of the conference. We extend special
thanks to Professors Keith Van Cleve, Leslie A.
Viereck, F. Stuart Chapin III, Sue Ann Bowling, and
C. Peter McRoy for reviewing papers and helping pre
pare them for publication.

Jenifer Huang McBeath
Assistant Professor o f Plant Pathology
Chairperson, Conference Organizing Committee

INTRODUCTION AND OVERVIEW

The Carbon Dioxide Problem:
A Scientific Puzzle and Political Dilemma

G. M. Woodwell*

food and fiber and living space, watches the human
population grow from its present 4.58 billions to 6.0
billions over the next 18 years and possibly to 8.0 to
10.0 billions over the following few decades.
Any decision pertaining to the causes of C 0 2 induced climatic change is an im portant political one:
to do nothing seems to assure drastic changes that will
be conspicuously disadvantageous to man; but to do
something now requires taking steps that are equally
awkward and as politically unpalatable as the abrupt
restriction of use of fossil fuels. The dilemma is real.

INTRODUCTION: SCIENCE AND POLITICS

The carbon dioxide content of the atmosphere
is increasing. The increase is significant enough to
persuade scholars that this factor alone, among the
many factors that affect the temperature of the
earth, will become dominant and that the earth will
warm. There is evidence that the warming is now
underway, and that it can be measured by careful
analysis of major factors that affect temperature, by a
reduction in the area of ice in Antarctic seas, and by
the increased rate of rise of sea level globally, a rise
due, in part, to the melting of glacial ice and, in part,
to the thermal expansion of water (Hansen et al.
1981).
The potential for a significant warming of the
earth within the next decades, perhaps before the
end of the century, appears real. The warming will
bring changes in climate, a generally poleward migra
tion of climatic zones, displacement of the natural
vegetation of the earth, and a displacement of agri
culture. In the longer term, perhaps a century or so, it
may bring a rise in sea level of as much as 15-20 feet
with extensive flooding of coastal areas globally. This
is the current appraisal of the scientific community —
an appraisal based on many years of experience (NAS
1982; Woodwell et al. 1979).
Sorting through the complex web of cause and
effect in order to arrive at a prediction is certainly
one of the most challenging tasks for scholars; it be
comes even more challenging when one recognizes that
the availability of resources will be the stuff of politics
for the next decades. The transitions in climate seem
certain to occur while the world, already pressed for

LIMITS OF THE PROBLEM

The first step in limiting the problem, our job for
the moment, is to address the technical and scientific
aspects of the C 0 2 puzzle in the hope that, with fur
ther insights into technical and scientific mechanisms,
the much more difficult social and political aspects of
amelioration will become manageable. What do we
know now that can be used to reduce or deflect unde
sirable aspects of these coming climatic changes?
A second consideration, established explicitly for
this conference, is an examination of the implications
of a climatic warming for Alaska. Why should we not
warm the earth? After all, a region plagued by snow
from September to June might benefit considerably by
a 10°C (18°F) rise in temperature.
Warming Alaska is doubtless an attractive thought.
But such a warming would be a part of a rapid global
climatic change that would have profound implications
for the global carbon cycle itself by releasing still more
carbon into the atmosphere as climatic zones shifted,
at least over the first years of warming.
One effect of this would be that areas that now
support forests would become too arid to do so. For
ests can be destroyed rapidly; they are replaced slowly,

*G.M. Woodwell: The Ecosystems Center, Marine Biological
Laboratory, Woods Hole, Massachusetts 02543.
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however, in most segments of the temperate zone only
over decades, sometimes a century or more. Modern,
industrialized agriculture may be flexible in the face of
climatic changes, but such flexibility hinges on detailed
knowledge, on accurate prediction, on assumptions
about the mobility of capital and people, and on
political considerations. Drastic changes in climate in
periods as short as years to decades seem clearly bur
densome in a world where governmental systems seem
to be failing as resources come under greater demand
to support an expanding human population. These
aspects dominate any consideration of man-caused
changes in global climate, no m atter how attractive a
warming of polar regions may appear locally.
What is the cause of the increase in C 0 2in air? If
we can answer that question quantitatively, we may be
able to envision a pattern of concerted action to
reduce or check the further accumulation of C 0 2 and
the changes in climate that would seem to assure.

leased from fossil fuels (F) was thought to be trans
ferred to the oceans (S). Improved data on oceanic
chemistry, obtained over the past two decades, has
seemed to suggest that the amount of carbon dioxide
absorbed by the oceans is limited, and oceanographers
have sought another mechanism that might be respons
ible for removing C 0 2 from the atmosphere.
The hypothesis was that the terrestrial biota (L),
because of a potential stimulation of photosynthesis
by the increase in C 0 2 in air, might be storing addi
tional carbon in plants and soils. A series of reviews of
current information about the biota, transitions in
the biota caused by man, and the factors affecting the
storage of carbon in terrestrial plant communities, has
led ecologists to believe th at it is far more likely that
the terrestrial biota is diminishing globally and releas
ing additional carbon dioxide into the atmosphere
(Woodwell and Houghton 1977; Woodwell et al. 1978;
Houghton et al. 1982). In this circumstance, L would
be positive and the oceanic absorption would appear to
be greater than recent estimates have suggested. Is the
sign of L positive or negative? How large can L be?
This question has been the topic of discussion and re
search over the past several years.
The largest uncertainty in evaluating the formula
lies in the last two factors —the transfer to the oceans
and the contribution of the biota. I shall examine
recent analyses of the role of the terrestrial biota. If
the interpretation summarized below is correct, the
C 0 2 problem may be less urgent than we have thought
and conceivably more solvable.
Current estimates of the amount of carbon held in
the plants of the earth range between about 500 and
about 8 3 0 x l0 15g (Wittaker and Likens 1973, Olson
et al. 1978, Ajtay et al. 1979). Estimates of the
am ount of carbon held in soils suggest that about 1500
x l 0 15g reside there (Schlesinger 1977, 1982, Ajtay et
al. 1979, Buringh 1982). The total exceeds 2 0 0 0 x l0 15
g. This amount of carbon is to be compared with the
approximately 7 0 0 x l0 15g retained in the atmosphere.
A very small fractional change in the terrestrial pool,
either an increase or a decrease, has the potential for
affecting the atmospheric burden significantly.
In a recent analysis of the changes in the terrestrial
biota globally, carried out by means of a model based
on knowledge of succession and on the basis of various
sources of published data, my colleagues and I have
shown that, in 1980, deforestation globally was pro
bably releasing carbon into the atmosphere at an
annual rate of 2 to 5 billion metric tons (Houghton
et al. 1982). This calculation is based on several in
dependent sources of data and includes those sections
of the world in which agriculture has been abandoned
through the last century. It also includes the regrowth
of forests that are harvested and not transformed into
grazing land or agriculture. It includes the release of

THE GLOBAL CARBON CYCLE

The global carbon cycle is not only complicated
but difficult to define quantitatively because of the
importance of measuring small differences among very
large exchanges. The total exchange of carbon between
the atmosphere and the oceans annually is in excess of
100 x l0 9T. An exchange of another 100x!09T occurs
between terrestrial ecosystems and the atmosphere as
gross primary production. The atmosphere itself con
tains about 700 x 109T, a sum that is increasing at the
rate of 2 —3 x l0 9T annually as the excess of releases
of C 0 2 into the atmosphere over removal continues.
We are interested in differences of 1 —5 x l0 9T in fluxes
of 100 or more. The challenge of measuring such
characteristics of the earth within 5 per cent is substan
tial.
The most im portant factors that affect the C 0 2
content of the atmosphere on a year-to-year basis are
the combustion of fossil fuels, changes in the amount
of carbon retained in plants and soils, and exchanges
with the oceans. The relationships among these factors
can be expressed in a simple equation:
A=F-S±L
where
A = the amount of carbon that accumulates an
nually in the atmosphere
F = the release from fossil fuels
S = the transfer from the atmosphere to the oceans
L = the net annual transfer between the atmo
sphere and the land
The increase in the C 0 2 content of the atmosphere
(A) is well known and is in the range of 1-1.5 ppm by
volume or 2 to 3 x l0 15g of carbon per year. The dif
ference between this accumulation and the amount re
4

duction, at least temporarily. If an increase in the C 0 2
content of the atmosphere is accompanied by a trans
ition toward a warmer and wetter climate, such climate
could probably be expected to produce increased
storage of carbon on land. A warmer and drier climate
would work in the other direction. These conclusions
seem obvious, too, from a simple consideration of the
distribution of plant communities.
Prediction of transitions in the vegetation of the
earth on the basis of the assumptions about the ef
fects of C 0 2 on global climates seem tenuous at this
time because the mechanisms that govern the increase
in carbon dioxide in the atmosphere are imperfectly
defined. If climatic changes occur, they are sufficiently
complicated and disruptive as to present serious
problems to all the world’s peoples, including those
who now inhabit the arctic regions and who will find
that traditional resources are being depleted more
rapidly than they can be replaced.

carbon through decay of organic m atter in soils and
the slower decay of wood used in construction. Re
lease from soils is caused by any disturbance of the
forest and becomes extreme when a forest is trans
formed into agricultural land.
Other factors that affect forests and the storage of
carbon globally by the biota include an array of
environmental factors such as the increase of C 0 2 in
the atmosphere itself ;global transitions in temperature;
changes in the quantity and quality of solar radiation;
changes in the availability for circulation of such
essential elements as nitrogen, sulphur, and phosphorus;
and the toxic effects of industrialization, now spread
ing over large areas of the northern hemisphere. All of
these factors are themselves difficult to measure, and
their effects are still more elusive.
The greatest potential for affecting carbon storage
globally probably lies in long-continued transitions in
temperature globally. But no one can eliminate yet the
possibility that the increase in the C 0 2 content of air
will affect C-storage directly. In fact, of course, such
changes will work together in complicated ways, and
are not necessarily easily predicted.
Any increase in photosynthesis is expected to be
small because, under most circumstances, photosyn
thesis is limited, not by the availability of C 0 2 , but by
the availability of water, nutrients, or light. Whether
stimulation of photosyntheseis results in additional
storage of carbon depends on whether or not other
factors are changed. If the only change is an increase
in C 0 2 and photosynthesis is increased, an increase in
the storage of carbon in terrestrial systems might be
expected.
If the increase in C 0 2 is accompanied by a warm
ing, respiration will be affected disproportionally, and
a reduction in carbon storage might be anticipated.
A moderate increase in temperature usually results in
an increase in respiration, including the process of
decay, with a net release in the amount of carbon re
tained in any system. A moderate decrease in temper
ature commonly works in the opposite direction and
results in additional retention of carbon, especially in
soils. These points seem obvious from simple applica
tion of well-known principles of physiology to eco
systems. They are supported by experience (Woodwell
and Dykeman 1966, Billings et al. 1982).
If climatic changes persist and the area of forests
expands or contracts there will, of course, be a change
in the total amount of carbon retained in biotic sys
tems. Prediction of such long-term changes from this
perspective seems very tenuous.
There is still another factor that will affect the
storage of carbon on land. Precipitation is usually
the most im portant factor in determining the vigor of
any vegetation. An increase in precipitation often
increases primary productivity and net ecosystem pro

THE CURRENT STATUS OF THE PUZZLE:
THE DILEMMA RELIEVED

Some of the details of the global cycle of carbon
are well known. There is very little uncertainty sur
rounding the observation, so well documented by Keel
ing and others (Pales and Keeling 1965; Keeling,
Bacastow, Bainbridge, Ekdahl, Guenther, and Water
man 1976; Keeling, Adams, Ekdahl, and Guenther
1976), that the C 0 2 content of the atmosphere is
increasing. There is neither any argument that the gen
eral pattern of C 0 2 movement is through the atmo
sphere into the oceans, nor that there is a major re
lease of carbon to the atmosphere from combustion
of fossil fuels. Recent research seems to be narrowing
the range of estimates of the contribution of the biota
to the cycle; most agree now that there has been a
major release over the past century from the destruc
tion of forests and that the release continues. If all
these observations are correct, the transfer to the
oceans, S in Equation 1, must be larger than has been
thought; the oceans have a larger role in the short term
in taking up atmospheric C 0 2. The point is important.
It is not yet generally agreed upon, but from the
perspective of a biologist familiar with transitions in
the biota over the past century or so, there can be little
question: the oceans must have been absorbing as
much as twice the amount of C 0 2 as was thought
possible until recently.
Do these observations improve the possibility of
overt action on the part of the nations of the world to
avoid a further source of problems from the continued
accumulation of C 0 2 in air? There are now two clear
sources of C 0 2 : fossil fuels and the biota (including
soils). Both releases are potentially controllable. A
modest reduction in the rate of release of carbon from
5

combustion of fossil fuels combined with a reduction
in the rate of deforestation should result in a slowing
of the build-up of carbon dioxide in the atmosphere.
The release from combustion of fossil fuels has
been affected importantly by the increase in the price
of oil that occurred in 1973 and subsequently. The
rate of increase in use of all fossil fuels dropped then
from about 4.5 per cent annually to about 2.25 per
cent (Fig. 1), (R otty 1981). Price has a significant
effect on use and presumably can be used further to
influence use. Total global use of fossil fuels is control
lable.
^
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conservative approach might be based on the assump
tion that the interests of man himself require that
there be no further losses of biotic resources and that
the global biota be stabilized. Such stabilization
would reduce the biotic release to zero immediately
and might in itself be enough to stabilize the C 0 2
content of the atmosphere. If we were to go one step
further and cause large areas to be reforested, we might
for several years remove carbon from the atmosphere.
Many successional forests have a net ecosystem pro
duction of 200-400 g C/m2/yr. Storage of 1015 g/yr
would occur if forests covering 200x106 ha had a net
ecosystem production of 200 g C/m2, a modest
fraction of the earth’s forested area, estimated to be
between 2800 and 4 7 0 0 x l0 6 ha (Persson 1974,
Olson et al. 1978).
Perhaps the most im portant element in any con
sideration of the carbon dioxide problem is the realiz
ation that solutions to this problem are closely related
to solutions to other major environmental and eco
nomic issues. The carbon dioxide problem is part of
the global problem with the management of resources
of energy. It is closely linked to the problems of
toxification, the acidification of rain, the mobiliz
ation of oxides of sulphur and nitrogen, the mobiliz
ation of heavy metals, changes in the earth’s albedo,
and changes in rainfall, already measured in various
parts of the world. Steps that result in reducing the
total amount of fossil fuels burned in various segments
of the world contribute as well to amelioration of
these other problems.
They also contribute in the United States to a
resolution of the balance-of-paym ents problem,
to an improved efficiency in the use of fossil-fuel
energy in support of industry, and to substantial
changes in patterns of development of cities, in sizes
of automobiles, and the mass of metal used per capita.
Solutions to one of these im portant environ
mental issues tend to alleviate other problems. Once
the pattern in which solutions can be realized has been
developed, other solutions become possible.
The dilemma, as so many others, disappears when
the larger issues of human welfare are considered a
part of the resolution of the C 0 2 problem. A step
toward resolution of one problem becomes a step
toward resolution of others; no issue is isolated. Each
is a part of a network. What is im portant is the estab
lishment of a pattern within which solutions are pos
sible. The pattern will lead to solutions to many issues,
not one alone. The C 0 2 problem is but one in this
web. Proper management of it is a part of wise manage
ment of all the earth’s resources, not merely fossil
fuels, o
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Figure 1. Annual Global Production of C 0 2 from Fossil Fuel
and Cement with Indicated Growth Rates. (R otty 1981)

The major biotic source of C 0 2 is deforestation.
Current rates of deforestation are enhanced substan
tially by governmental policies in management of land.
Such policies can be reversed. Policies that encourage
deforestation, especially in the moist tropics, are
widely recognized as exploitive and impoverishing.
There are, moreover, widely recognized advantages in
reforestation. Advantages accrue not only in forest
products, but also in a general increase in biotic re
sources, improvements in both the quality and quanti
ty of water resources, and in a stabilization of soil and
local climate. The research on rates of deforestation,
summarized here, show that the most extensive forests
remaining in the world are tropical, especially the
forests of the Amazon Basin. Management of these
lands for forests in support of human populations is
possible and, in many instances, desirable. The topic is
certain to be controversial. Nonetheless, a resolution of
the C 0 2 problem might well involve development of a
series of programs designed to reduce or eliminate
destruction of existing forests and to encourage the
reestablishment of forests on other lands.
The systematic and progressive deforestation of
the earth implies an equivalent loss in the capacity of
the biota to supply the needs of man. A reasoned and
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SECTION I:
SIGNS AND MEASUREM ENTS
OF
CARBON DIOXIDE AND CLIMATIC CHANGE

Atmospheric and Oceanographic Measurement
Needed for Establishment of Data Base

Charles D. Keeling*

The consequences of burning large amounts of fos
sil fuels pose many questions, and I share many of Dr.
Woodwell’s apprehensions. My talk today, however,
will address the data base needed to resolve critical un
certainties in our knowledge of the carbon cycle. Dr.
Woodwell has already identified these uncertainties. I
will focus on observations of the atmosphere and the
oceans which should be able to provide us with some
degree of understanding of the perturbed carbon cycle,
especially as perturbed in the ways Dr. Woodwell has
been discussing. I will also make a few remarks about
the natural carbon cycle.
Let me start by presenting a picture of what some
oceanographers would consider to be a likely balance
of the carbon equation which Dr. Woodwell presented
in his talk. It is possible to calculate from oceanograph
ic information the amount of carbon dioxide absorbed
by the oceans for a given rise of carbon dioxide con
centration in the atmosphere. We know the rise rather
well, and we know that sea water is a solution of bicar
bonate and carbonate which interacts with carbon di
oxide gas in a predictable way. We also know that the
uptake of carbon dioxide by sea water from year to
year is not very much affected by biological cycles in
the water, which are mainly short term.
In Figure 1, I show a typical oceanographer’s cal
culation of the redistribution of carbon dioxide from
fossil-fuel combustion as this carbon dioxide enters the
atmosphere and then spreads into the carbon reservoirs
of the land biosphere and the oceans. In this calcula
tion, 5.7 billion metric tons of carbon as carbon di
oxide are assumed to be produced from fossil fuel and

5.67

Figure 1. Redistribution of carbon dioxide from fossil-fuel com
bustion, in units o f billion ( 109) metric tons of carbon per year,
predicted by a four-reservoir model in which the carbon is ran
domly mixed in the atmosphere, surface ocean, and land bio
sphere and is transported by vertical eddy diffusion within the
deep ocean. The arrow from the left to the atmosphere depicts
the source from fossil-fuel combustion, assumed to be 5.67 bil
lion tons per year. The other arrows refer to net exchanges
(Keeling 1979).

go into the atmosphere each year. A portion of this
flux, 1.8 billion metric tons, is transferred in the same
year out of the atmosphere into the oceans. According
to this calculation, the main reason that more doesn’t
go into the oceans is that the oceans do not mix in
stantaneously from top to bottom . Oceanographers
generally agree that most of the uptake of the carbon
dioxide by sea water takes place in the upper 400 to
500 meters of the water and practically none below
1000 meters. In effect, the lower 75 per cent of the

*Charles D. Keeling: Scripps Institution of Oceanography, La
Jolla, California.
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oceans has remained almost shut off from the upper 25
per cent for the relatively short time period in which
carbon dioxide from fossil fuel has been entering the
air.
To balance the overall redistribution of fossil-fuel
carbon dioxide, the above calculation demands that
the biosphere be a carbon dioxide sink of approxim ate
ly 0.8 billion metric tons of carbon per year. This re
quirement is not based on any wisdom with respect to
the biosphere whatsoever; it just reflects the notion
that no more carbon should be going into the ocean
than can be accounted for by carbon dioxide absorp
tion in surface sea water and subsequent mixing into
the deeper water by circulation.
In contrast, suppose that one assumes that the
oceans mix instantaneously from top to bottom .
Figure 2 shows a calculation similar in all respects to
Figure 1 except that it allows for rapid mixing of the
oceans all the way to the bottom . The am ount of car
bon dioxide absorbed by the oceans is much greater
than in the previous case. To balance this oceanic up
take, the biosphere is predicted to transfer each year
about 3 billion metric tons of carbon to the atm o
sphere and the oceans. This extreme case, however, is
impossible. Not more than half of the difference in
fluxes between Figures 1 and 2 could possibly occur
by the movement of carbon dioxide through known
pathways. Thus a likely upper limit on biospheric re
lease of carbon dioxide is 2 billion metric tons (3.39
minus (-0.83) divided by 2), far lower than Dr. WoodwelTs upper limit.

5.67

ATMOSPHERE
(3.07)

3.39

sphere is difficult. How can anyone tell when a change
of a few per cent takes place in the storage of carbon
in the biosphere? Precise measurement of fluxes of
carbon in and out of the biosphere is still more diffi
cult. Measurements of changes in biomass ought to be
made as precisely as possible, but we must wait a long
time for biospheric changes to occur which will be
large enough to observe directly.
The atmosphere is a better place to discern small
perturbations of the carbon cycle because variations of
a fraction of one per cent can be documented. To dem
onstrate what can be learned from looking at atm o
spheric carbon dioxide, I will first show you the record
of a continuous carbon dioxide analyzer at Mauna Loa
Observatory in Hawaii. This observatory, operated by
the National Oceanographic and Atmospheric Adminis
tration (NOAA) and their predecessor agencies, was
one of the locations chosen earliest at which systemat
ic measurements of carbon dioxide could be made. The
measurements were obtained as a cooperative effort of
NOAA and my research group at the Scripps Institu
tion of Oceanography. Several features of the atm o
spheric carbon cycle are revealed (fig. 3) by a plot of
monthly mean carbon dioxide concentrations in parts
per million of dry air by volume (Keeling et al. 1982).
First, the carbon dioxide there is rising and falling in
an annual cycle. The concentration reaches a maxi
mum in May and a minimum in September. You may
be surprised to be told that, before this station was in
existence, nobody had documented the annual cycle in
atmospheric carbon dioxide in the open air. But in the
Mauna Loa record, the annual cycle is unmistakable.
The site is so remote from local sources and sinks of
carbon dioxide that the large-scale imprint of conti
nental land plant activity is seen in the record even
though the station is on an island in the middle of the
Pacific ocean.

LAND BIOSPHERE
(-3.39)

5.99

Superimposed on the annual oscillation of carbon
dioxide at Mauna Loa observatory, one sees clearly the
increase in carbon dioxide expected from adding car
bon dioxide to the atmosphere by the combustion of
fossil fuels. An increase has occurred every year since
measurements began. The plotted values range from
312 parts per million at the beginning of the record to
about 340 parts per million at present.
The South Pole is another place at which measure
ments were begun in the late 1950s, indeed at almost
the same time as at Mauna Loa. In this case, air was
collected in glass flasks and analyzed at our laboratory
in California (Keeling et al. 1976). As shown in Figure
4, the annual cycle at the South Pole is much smaller
than at Mauna Loa Observatory. Also, it is six months
out of phase with the Mauna Loa record, as though the
plants in the southern hemisphere were producing their
own carbon dioxide signal. The land area available for

SURFACE OCEAN
(0.15)

5.84

DEEP OCEAN
(5.84)
Figure 2. Same as Figure 1, except that the eddy diffusion in
the ocean is increased by a factor of one hundred.

How might we resolve these conflicting views of
the upper limit of biospheric losses by making defin
itive measurements? Discovery of what is happening to
the carbon cycle from actual observations of the bio
12

YEAR
Figure 3, Trend in the concentration of atmospheric carbon dioxide at Mauna Loa Observatory, Hawaii, at 19.5°N , 155°W. Dots
indicate the observed monthly average concentration based on continuous measurements. The oscillating curve is a fit of the average
annual variation (expressed with periods of 12, 6 , 4, and 3 months harmonics) superimposed on a spline function representation of the
seasonally adjusted secular trend. The latter is forced to agree with the adjusted m onthly averages (data to 1981: Keeling et al. 1982;
data for 1981: unpublished).
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Figure 4. Trend in the concentration of atmospheric carbon dioxide at the South Pole. Dots indicate monthly averages. These are
based on flask analyses, except for 1961 through 1963, when they are based on continuous measurements. The oscillating curve is a fit
of the average annual variation superimposed on a spline function, as in Figure 3 (data to 1976: Keeling et al. 1976; data for 19761982: unpublished).
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plants to grow is much smaller in the southern hemi
sphere. Therefore it is not surprising that we observe a
smaller annual oscillation there. But this observed
oscillation could be partly a penetration into the
southern hemisphere of the variation in the northern
hemisphere with a shift in phase and a loss in amplitu
amplitude.
We have also measured air from a station operated
since 1974 at Point Barrow, Alaska, (71°20,N) by
NOAA. Earlier, in the 1960s, we collaborated with
John Kelley, who obtained flask samples for us there
from 1960 to 1963 while making nearly 6 years of
continuous measurements on site (Kelley 1969). This
very useful record (see fig. 5) shows a larger annual
oscillation than Mauna Loa. We have obtained still
other records from flask sampling (fig. 6). The next
longest record is for a station over water at 50°N,

based on flask samples collected on Weathership P. It
is a great tragedy that, for budgetary reasons, this
weathership, operated by the Canadian government
until 1981, has now been terminated. Finally we have
shorter records for the Scripps Institution at 3 3°N, and
for two islands in the Pacific Ocean near the equator.
Although these two stations, Christmas (2°N) and
Fanning (4°N) islands, are only 200 miles apart, the
annual signal at Christmas Island is less than at Fanning
Island.
Indeed, all the records indicate a decrease in annual
signal from north to south. The largest oscillation is
seen at Point Barrow. Plant activity evidently has a
strong effect on Arctic air. Recent data gathered by
NOAA in the Aleutian Islands indicates, however, that
the maximum amplitude is somewhat south of the
Arctic. This is not a surprise because of the dominance
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Figure 5. Trend in the concentration of atmospheric carbon dioxide at Point Barrow, Alaska. Dots indicate monthly averages based on
continuous measurements from 1961-1967 and flask analyses from 1974-1983. The oscillating curve is a fit of the annual variation
superimposed on a spline function as in Figures 3 and 4, except that the spline is stiffer and doesn’t go exactly through the monthly
points (data after 1967: unpublished).
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Figure 6 . Concentration of atmospheric carbon dioxide at
various latitudes, shown from north to south: (a) Weathership
P, 50.0°N ; (b) La Jolla, California, 32.9°N ; (c) Mauna Loa
Observatory, Hawaii, 19.5°N; (d) Fanning Island, 3.9°N; (e)
Christmas Island, 2.0°N; and (f) the South Pole. The oscillating
curves are fits to a spline function plus four harmonics, as in
Figure 5 (data for (a): Bacastow et al. 1981; data for (b), (d),
(e): unpublished).

PPM CO

of the large vegetated land masses of Siberia, Europe,
and Canada at about 60° N.
Atmospheric carbon dioxide records, besides in
dicating the intensity of land biospheric plant activity,
show another, quite-unexpected aspect of the annual
cycle. In the Mauna Loa record, if you look closely at
the annual drawdown of carbon dioxide as given by
comparing the highest point to the lowest m onthly
average of each year (fig. 3), you will notice a change
in amplitude of the carbon dioxide signal over the pe
riod of record. As shown in Figure 7, the drawdown is
approximately 6 parts per million at the beginning of
the record but nearly 7 parts per million (Bacastow et
al. 1981) near the end. The activity of plants in the
Northern Hemisphere has evidently been increasing.
The Point Barrow record is less complete, and the
Weathership P record (see fig. 7) is shorter than the
Mauna Loa record, but both of these additional re
cords indicate a similar fractional increase in amplitude
of about 0.7 per cent per year.
Over the whole Northern Hemisphere, a change in
amplitude from year to year seems to be occurring in
the annual carbon dioxide cycle. This change is so large
that, if attributed to the stimulation of plants by the

Figure 7. Seasonal amplitude in atmospheric carbon dioxide
concentration at (a) Weathership P at 50.0°N , and Mauna Loa
observatory at 19.5°N. Dots connected by solid lines represent
an estimate of the amplitude for individual years as determined
by a best fit of a four-harmonic annual cycle. The dashed
straight line is a least-squares fit of a linearly increasing ampli
tude over the entire period of record.
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carbon dioxide in the atmosphere itself, the relative
enhancement of photosynthesis and respiration is 140
per cent of the relative increase in atmospheric carbon
dioxide. That's a rather extreme stimulation.
Perhaps these records presently exaggerate the in
crease in the amplitude. Over a longer time period, we
may see the rate of rise in amplitude falling off to
some extent. But, some increase in amplitude effect is
almost surely real. Something must be producing it,
and the stimulation of plants by rising carbon dioxide
remains the most likely cause. It doesn’t necessarily
follow that biomass is increasing from year to year,
however. The carbon dioxide record reflects only the
plant activity from year to year. We need to sort out
how much rise in activity is occurring simply because
plant leaves are more active during the summer, with
the added carbon dioxide going back into the air
during the next winter, and how much rise in activity
is due to the plants’ becoming bigger with more leaves,
and putting the carbon dioxide down in the soils where
it can’t all be put back into the air the next winter.
Dr. Woodwell, in his talk, mentioned the carbon dioxide-fertilization question, but he didn’t tell you he
was the first to convince me that it was a likely cause
of an amplitude increase. Twelve years ago, when I
first wondered whether carbon dioxide fertilization of
plants could occur, I inquired of several biologists
during a workshop in Williamstown, Massachusetts, as
to whether it was likely. Only one biologist came forth
to respond to my question. That was George Woodwell. He and I walked outside into the open air and be
gan to stroll peripatetically through the landscaped
grounds of the conference center. George found a
green, appropriately leafy, bush. To reinforce his argu
ment, he held up branches and proceeded to suggest
how such a bush could get more carbon dioxide if it
were fertilized. He proposed that, for a given fractional
rise in ambient carbon dioxide, plant growth might in
crease by about half that fraction, first by direct stim u
lation, and then also because of more leaf area result
ing from that stimulation. Later on, I pursued this idea
in terms of a biological growth factor and introduced
the concept into the findings of the workshop.
George’s factor of one half was embraced as an initial
trial value (Machta 1973).
Now, I’ll turn briefly to some other lines of evi
dence which may help us to understand better how the
carbon cycle responds to perturbations by man. The
record for the input of fossil-fuel carbon dioxide to
the air since about 1860 until World War I fits an
exponential curve (fig. 8) with a growth rate of about
4 per cent per year (Keeling 1973). At the outbreak of
World War I, the rate of growth quite abruptly slowed
to almost zero. Little growth occurred until the end of
World War II. During this long period of 30 years, the

YEAR

Figure 8 . The rate of production of industrial carbon dioxide
plotted in units of million metric tons of carbon per year.
Dots indicate annual values based on fuel-production data of
the United Nations. Solid curves are exponential fits to the
intervals 1860 to 1914 and 1945 to 1981.

impact of two world wars and a great depression was
felt in virtually all of the countries that were producing
fossil fuels. A forecast made just before World War I
projecting a continuation of 4 per cent growth would
have been drastically wrong.
Beginning in 1945, fossil-fuel use began again to
grow at almost the same 4 per cent rate as before
World War I. During the next three decades, it seemed
as though 4 per cent might be an intrinsic rate for
economic growth in the absence of great wars and
depressions. Then, in 1973, the growth rate abruptly
fell to about 2 per cent, where it has since remained.
An exponential fit through the whole record since
1945 fits quite well with the rise in atmospheric car
bon dioxide right up to the present, however, owing to
inertia in the carbon system. We have checked this
point: predictions of carbon dioxide rise based on an
over-all exponential curve are similar to those based on
more exact representations of the fossil-fuel records.
But how well does the carbon dioxide record fit
the rise in fossil-fuel use? A fixed fraction of the car
bon dioxide from fossil-fuel combustion is predicted to
stay in the air if the carbon dioxide source grows
exponentially and if the mechanisms of carbon dioxide
removal from the atmosphere are steady processes,
such as absorption by ocean water. The fraction re
maining in the air I will call the airborne fraction. It is
an apparent fraction because it takes into account only
fossil-fuel carbon dioxide and the observations of
carbon dioxide in the air.
16

it would cause the atmospheric carbon dioxide curve
to depart significantly from the fossil-fuel growth
curve, even if the latter were made again to coincide
with the beginning and end of the Mauna Loa curve.
Thus, it’s hardly possible to explain a constant bio
spheric source to the atmosphere unless it is quite a lot
less than 2 billion metric tons. An exponential biologic
source with the same growth rate as fossil fuel is not
ruled out, however, because it would blend with the
shape of the fossil-fuel source.
In addition to carbon dioxide measurements at
land-base stations, we have, from time to time, taken
samples on board ships. I work at an oceanographic
institution, which is a convenient place to arrange for
ship-based measurements. A particularly good oppor
tunity to sample on ships occurred in 1979 and 1980.
A track in the central Pacific ocean was repeated four
teen times between Hawaii and Tahiti as part of the
first global geophysical program (FGGE). We obtained
samples of air at deck height on all legs of each cruise.
From this record, it was possible to determine the

I have fit an exponential curve through the Mauna
Loa record in which the curve-fitting procedure deter
mines the growth rate (fig. 9). This growth rate is al
most the same as the fossil-fuel growth rate and thus
establishes that the airborne fraction is nearly con
stant. In Figure 9, the fossil-fuel carbon dioxide input
to the atmosphere for each year is multiplied by a con
stant such that when plotted over the Mauna Loa
curve, the first and the last fuel points are coincident
with the atmospheric carbon dioxide curve. The re
maining fossil-fuel points and the atmospheric curve
agree so well that it is difficult not to believe that some
steady process is principally responsible for causing
carbon dioxide to be taken away from the atmosphere
in proportion to the rate at which fossil fuels are
adding carbon dioxide to the air. In contrast, if there
were another source of carbon dioxide, with a strength
as large as that of fossil fuels at the beginning of the
Mauna Loa record, that is, on the order of 2 billion
metric tons per year and, if this source were constant
rather than exponentially rising over the past 25 years,
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Figure 9. Seasonally adjusted data concentration of atmospheric carbon dioxide at Mauna Loa Observatory (shown by dots) fit to an
exponential function. The superimposed open circles represent the cumulative atmospheric input of carbon dioxide from fossil fuel
multiplied by a constant such that the first and last points fit the carbon dioxide increase given by the smooth curve.
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annual oscillation in carbon dioxide from 20°N to
17°S. The mean annual concentration was precisely
determined, as well.
From these data, we see again (fig. 10) that the
annual oscillation in carbon dioxide diminishes steadily
from north to south. The record is so detailed that we
also see that the barrier to mixing of air masses be
tween the northern and southern hemispheres is not in
tense enough to cut off the northern hemisphere signal
at the equator. This signal persists to about 15°S where

SEASONAL
SPO

NZD

it is presumably cancelled out by an opposing southern
hemisphere signal.
These new data, because they present such a de
tailed picture of the annual carbon dioxide cycle in the
tropics, allow us to calibrate a diffusive model of the
north-south carbon dioxide transport where the dif
fusion coefficient is allowed to vary with latitude
(Helmann and Keeling 1983). A better way to proceed
would be to construct a model which also considers
vertical and longitudinal variations. Such a model, ap-

VARIATION

FGGE ------------------
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Figure 10. Contour plot showing the annual variation of atmospheric carbon dioxide concentration in ppm by volume based on
observation from stations and ships, circa 1980. The dots indicate the latitudes and times where observations were obtained. The
stations are South Pole (SPO), Baring Head, New Zealand (NZD), oceanic stations of FGGE expedition (FGGE), Mauna Loa
Observatory (MLO), La Jolla, California (SIO), Weatherhip P (STP), and Point Barrow, Alaska (BAR). (Data for legs 2, 4, 7, 9, 11, 13,
15: Keeling et al. 1983; data for other legs: unpublished.)
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(a)

LATITUDE (DEG)

(c)

LATITUDE (DEG)

(b)

(d)

LATITUDE (DEG)

LATITUDE (DEG)

Figure 11. North-south variation in the mean annual concentration of atmospheric carbon dioxide for 1962, 1968, and 1980, based on
observations from land stations and ships. Plots (a): concentration profile for 1962. Open circles indicate data from ships; triangles and
diamonds indicate data from land stations. The smooth solid curve is a hand-drawn fit through the data, excluding points shown by
diamonds. Plot (b): same as plot (a), but for 1968. Plot (c): same as plot (a), but for 1980. KUM refers to Cape Kumukahi, MLO to
Mauna Loa Observatory. Plot (d): the three sm oothed profiles of plots (a), (b), and (c) combined as departures from the contemporary
carbon dioxide concentration at the South Pole. The excluded data, plotted in (a), (b), and (c) by diamonds, are tentatively regarded
as contaminated except for the points at 19 N which represent Mauna Loa, excluded because of the high altitude.

plied to these data, is contemplated for the near fu
ture, but meanwhile a one-dimensional model is useful
to point out several additional features of the carbon
dioxide cycle. Before noting the results of modeling,
however, I will describe some additional data from
ships.
Knowing the annual oscillation in carbon dioxide
obtained from the FGGE data allows us to estimate
mean annual values of carbon dioxide concentration
for air collected on ships in earlier periods when the
seasonality of the data was not so well determined.
Many of these earlier data were published in 1963
(Bolin and Keeling 1963). The redetermined annual
means aren’t very much different, but are more consis
tent for comparing with the new FGGE data.* The
annual mean is lowest at the South Pole. We see (Fig

ure 11a) that the annual mean for 1962 rises to a peak
at the equator, falls off northward to about 20°N, and
then rises again toward the Arctic.
In Figure l i b , are shown results for another pe
riod, 1967-1968, in which we also sampled on ships,
especially in the tropics. Again we see a carbon dioxide
peak at the equator, and in the northern hemisphere
there are now higher values relative to the South Pole
than before.
The data from the FGGE expedition, 1979-1980,
are the most definitive available because the obser
vations were regularly spaced in time and latitude. A
smooth curve is quite easily drawn through the mean
*The 1962 and 1980 latitudinal studies are discussed b y Keeling
and H eim ann (1983). The 1968 latitudinal stu d y is unpublished.
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or 2 billion metric tons per year might be undetect
able, but not more.
In summary, atmospheric carbon dioxide data,
gathered frequently enough in time and close enough
in space to reveal major regional concentration pat
terns, provide us with a surprisingly close control of
sources and sinks of the carbon cycle. Sources of the
order of 2 billion metric tons per year should not es
cape our attention. With more systematically collected
data, such as obtained in the FGGE expedition,
sources as small as 1 billion metric tons should be dis
cernible in atmospheric carbon dioxide data.
Besides studying carbon in the atmosphere, we
have also looked at what is happening to the carbon
cycle in the oceans as a result of perturbations by man.
Here, however, useful results are at a very preliminary
stage. On the same FGGE expedition between Hawaii
and Tahiti where we obtained air data, we also measur
ed total dissolved inorganic carbon in the sea water.
The measurements were more accurate than is possible
by conventional methods. We extracted the carbon by
first acidifying an aliquot of sea water and then mea
suring the am ount of carbon dioxide evolved. These
measurements are sufficiently reproducible (about 1
part in 3,000) that we see concentration patterns
clearly.
The Institute of Ocean Sciences in Victoria, Can
ada, have obtained some similar data for Weathership P
at 50°N (unpublished data). Their data show variations
in carbon owing to seasonal plant productivity. On the
FGGE expedition, in contrast, we see effects (Weiss et
al. 1982) that correspond mainly to temperature
variations. Unlike nutrients at 50°N, nutrients are low
in the water near 15°N and 15°S. During the spring,
when the water is warming, the partial pressure of car
bon dioxide goes up; then, in the fall, the water cools
and the partial pressure goes down. The temperature
difference is small, about 2°C, but the partial pressure
nevertheless varies systematically. Knowing that vari
ation is useful because it indicates that the oceans’
effect on the annual oscillation of carbon dioxide in
the air is probably small. The annual atmospheric
carbon dioxide cycle at Mauna Loa and elsewhere in
the northern hemisphere evidently comes almost ex
clusively from land plants and not from the oceans.
Finally, as an illustration of how one might estab
lish a data base for total, dissolved, inorganic carbon
variations in surface water, I will show you a record
obtained near 12°S, north of Tahiti. This region is
close to the south equatorial current. It is a quiet
region chemically, a good place to look for a possible
secular change in dissolved carbon. A small change in
nutrients related to photosynthesis and respiration in
the water is reflected by the phosphate concentration.
The carbon in the water is correspondingly affected,

annual concentrations at the latitudes sampled. We still
see a peak at the equator (Figure 11c), and now we see
unmistakably higher values than in 1962 in the north
ern hemisphere relative to the southern hemisphere.
The first hypothesis that comes to mind to explain
the large changes in concentrations in the north rela
tive to the South Pole is, of course, that they are
caused by fossil-fuel combustion, 90 per cent of which
occurs in the northern hemisphere. The input of car
bon dioxide to the air from fossil-fuel combustion has
risen per year from about 2.5 billion metric tons in
1962 to about 5 billion metric tons in 1980, a factor
of 2. Thus, when comparing the three plots, we see the
influence of half of the whole historic effect of m an’s
input of industrial carbon dioxide to the atmosphere.
A 2 billion metric ton increase in the annual input of
carbon dioxide has evidently caused a large change in
the north-south profiles. One may ask, however,
whether any other process may have also contributed
noticeably to the observed changes.
The am ount of carbon going into the air to pro
duce the peak at the equator comes quite close to what
one would expect from an observed peak in the partial
pressure of carbon dioxide in equatorial waters. From
the diffusive model mentioned above and the FGGE
data, we have computed a release of about 5 billion
metric tons per year.* This flux is consistent with an
exchange time for the gases at the sea surface equiva
lent to a 5-year storage time for atmospheric carbon di
oxide. This latter result is close to that obtained from
radiocarbon data (Bolin et al. 1981), so that we are
probably correct if we attribute the equatorial peak
mainly to oceanic carbon dioxide release.
Earlier in this discussion, I suggested that a con
stant biospheric carbon dioxide release of the order of
2 billion metric tons would have caused the curvature
in the seasonally adjusted Mauna Loa record to be dif
ferent from that observed, but that an exponential
release was not ruled out on that account. Now, I pro
pose that if there were an annual biospheric release of
carbon dioxide on the order of 2 billion metric tons
per year or more, even an exponentially growing re
lease, we should be seeing some feature in these three
north-south profiles which we are not seeing. The
agreement between our prediction and the observa
tions is, of course, not perfect, and the data are un
certain. Nevertheless, any unidentified source is likely
to be less than the fossil-fuel input change of 2 billion
metric tons in eighteen years which caused obvious
changes in the north-south profiles. I reach the con
clusion that it is unlikely that there were large changes
between 1962 and 1980 in the biosphere. Changes of 1
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about 3 micromoles per kilogram over a period of a
year, even less if adjusted for phosphate variations.
Perhaps there is an increase over a single year of about
1 micromole per kilogram of sea water, the rise expect
ed from fossil-fuel combustion. The record is too short
to be convincing, but one can see the possibility that,
if such measurements were carried out over several
years at several places, we might correctly determine
the secular change in total, dissolved, inorganic carbon.
If we could carry out such measurments in several
key locations, we might track the increase in carbon
that is occurring in ocean water globally and resolve
directly the question of how much carbon dioxide the
oceans are taking up. We should, however, also mea
sure subsurface water, an effort which will be, in some
respects, more difficult. On the other hand, the nois
iness of the carbon record decreases in the subsurface
water so that the signal-to-noise ratio remains the same
as surface water or lower. It’s just that we have to
make very precise measurements.
In conclusion, I would like to state my belief that
it’s possible to find out the answers to the principal
questions about the carbon cycle which Dr. Woodwell
has proposed, provided that chemists make a sufficient
number of measurements of carbon dioxide in the
atmosphere and of carbon in the oceans. At least, such
measurements would help prove the validity of answers
to these questions eventually obtained from biospheric
observations.
The carbon cycle is complicated. In 20 or 30 years,
mankind may not have figured how the cycle really
works under the stress of m an’s activites. If scientists
such as those assembled at this conference gather
good historical data, we will at least leave the next
generation with facts which will help explain the
causes and effects of the rise in carbon dioxide, if the
carbon cycle takes some unexpected tu rn .o

but this change is small and probably is nearly at a
constant ratio to phosphorus (of about 100 to 1), so
we can correct for it.
In these data (unpublished), we see (Figure 12) a
weak variation in carbon concentration, changing by

Figure 12. Time variation in total, dissolved, inorganic carbon
(denoted by EC) and associated properities in surface ocean
water at 12°S, 150°W, observed on the FGGE oceanic expedi
tion. The negative of temperature is plotted to suggest a possible
relation with SC. Both dissolved inorganic phosphate (P 04) and
SC have been adjusted to a sea water salinity of 35 /oo. ADJSC
refers to SC adjusted to a constant P 0 4 concentration of 0.26
m - kg"1 assuming that SC and P 0 4 covary with a C/P atomic
ratio of 106.
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A Monitoring Strategy
To D etect Carbon Dioxide-Induced Climatic Changes
In the Polar Regions
Gunter Weller*

ABSTRACT
Although numerical models have predicted temperature increases due to increased
C 0 2 levels, which should be detectable by now, such increases have so far not been
identified in an unambiguous manner. The detection is complicated by inadequate
data and by the fact that climate can be changed by factors other than C 0 2 increases.
A systematic global monitoring strategy is therefore needed to assess parameters causing
as well as indicating climate changes. The present paper lists the parameters that it would
be most useful and practicable to monitor routinely, and identifies the criteria that make
a parameter suitable for monitoring. Cryospheric parameters are then discussed in greater
detail, including the sea ice and snow covers of the polar regions, the mass balance changes
of ice caps, and the dates of freeze-up and breakup of lakes. All o f these are likely to be
sensitive indicators of C 0 2-induced climate change.

INTRODUCTION

Numerical models have predicted for more than
a decade now that increasing C 0 2 concentrations in
the atmosphere would cause a warming of the global
climate. This warming would be strongest in the polar
regions (Fig. 1); at the same time the stratosphere
would cool. The predicted temperature changes should
be detectable by now, but they have not been identi
fied in an unambiguous manner. Their detection is
complicated by a number of factors, including the
fact that climate can be changed by factors other than
C 0 2 increases.
A ttem pts to identify C 0 2-induced climatic effects
from present data have also shown that there are
deficiencies in the possible interpretations caused
by the inadequacy of the existing data sets as well
as the methods of analysis used. The data, except
in recent times, have rarely been collected with long
term monitoring of C 0 2-effects in mind; therefore, the
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Figure 1. Numerical modeling simulations o f the effects of a
increase on global temperatures. The isopleths are temp
erature increases (°C) from the present. N ote the high increase
in winter temperature in the Arctic (Manabe and Stouffer
1979). The stippled area shows Alaska’s latitudinal spread.
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development of a coherent and integrated monitoring
strategy becomes essential at this time. Cost-effective
and adequate monitoring of any effect is a difficult
task if the number of parameters to be monitored
is to be kept low in order to reduce costs, and, if
at the same time, unambiguous cause-effect relation
ships are to be established.
Monitoring strategies date back to the early sev
enties, but a recent workshop sponsored by the Depart
ment of Energy (MacCracken and Moses 1982) has
begun to examine the problems of detecting climatic
effects due to increasing concentrations of atmospheric
C 0 2 in greater detail. Three steps are necessary in this:
1) identify climate change in the atmosphere; 2) iden
tify the major factors influencing climate change; and
3) attribute the climate change to increased C 0 2.
The first step requires compilation of long-term
records of observed climatic variables. Trends in these
records must be analyzed for statistical significance by
computing confidence limits and standard errors using
the methods described by Klein (1982). In order to
avoid biasing this analysis, standard deviations should
be calculated from data gathered over as long a period
as possible.
The external factors involved in climate change
must be monitored systematically, in addition to
climatic parameters, to the extent to which they can
be identified and quantified, since this can reduce
climate noise and thus help to isolate the C 0 2 signal.
The most im portant and generally accepted of such
external factors is stratospheric aerosol from volcanic
eruptions. Almost as important, but much more
controversial, is the possible change in solar irradiance,
whether caused by variations in solar radius, sunspot
number, umbra/penumbra ratio or orbital parameters.
Of less importance, but probably still worth m onitor
ing, are tropospheric aerosols and other greenhouse
gases.

4. Adequacy and availability of past data base.
5. Spatial coverage and resolution of additional
measurements required.
6. Frequency of these measurements.
7. Feasibility of technical systems.
8. Cost.
The list of candidate parameters for monitoring
the effects of C 0 2-induced climate change is large,
but Table 1, compiled by a working group of the
National Research Council (NAS 1983), shows the
primary parameters to be monitored. Although this
may not be the final list adopted, the number of
essential parameters are reduced considerably from
earlier lists.
Table 1: Primary Parameters for Monitoring the Effects of
CO2-Induced Climate Change.
Atmosphere
Global temperature
Surface
Tropospheric distribution
Stratospheric distribution
Radiation
Solar spectral irradiance at the surface
Downward atmospheric infrared flux at the surface
Cryosphere
Sea ice extent, albedo and thickness
Snow cover extent and albedo
Height o f polar ice sheets
Freeze-up and break-up dates o f inland waters
Oceans
Sea temperature
Surface
Subsurface
Height o f global mean sea level
Hydrological regime
Elevation and amount o f clouds
Precipitable water content o f the atmosphere
Evaporation and precipitation (intensity of the hydrologic
cycle)

A GLOBAL MONITORING STRATEGY

To monitor the effects of C 0 2-induced climate
changes, a global monitoring strategy is required,
in which parameters of major environmental compo
nents, i.e. the atmosphere, cryosphere, ocean, and the
hydrological regime, must be included. The following
criteria probably adequately describe the suitability
of each parameter for long-term monitoring. Such
monitoring should be carried out for at least a decade,
by which time trends should have become apparent
and signal-to-noise ratios established. The criteria
are:
1. Sensitivity of the parameter.
2. Response time and rate of change (linear,
logarithmic, exponential, etc.).
3. Signal-to-noise ratio.

In order to remain within the framework of the
symposium under which this paper was presented, only
cryospheric parameters will be considered further in
detail.
MONITORING OF THE CRYOSPHERE

The snow and ice features of the cryosphere
include snow, sea ice, glaciers, ice sheets, perma
frost, and river and lake ice. Perennial ice at present
covers about 7 per cent of the w orld’s oceans and 11
per cent of the land surface, almost entirely in the
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polar regions. Seasonal snow and ice, however, occupy
15 per cent of the earth’s surface in January, at a time
when Antarctic sea ice is near its minimum extent, and
9 per cent in July when there is almost no snow cover
in the Northern Hemisphere (Barry 1982). The vol
ume of water locked up in the Antarctic and Green
land ice sheets represents 77 m of water potentially
available to raise the w orld’s mean sea level. The gen
eral problems of possible snow and ice responses to
a carbon dioxide-induced warming were reviewed by
Barry (1977, 1982) and Kukla (1982) in terms of the
sensitivity of individual components of the cryosphere.
The response of snow and ice covers to climatic
change varies greatly in terms of time scale. Typical
residence times of solid precipitation in the various
reservoirs are approximately: 10"1 to 1 year for sea
sonal snow cover, 1 to 10 years for sea ice, and 103 to
10s years for ground ice and ice sheets. In each case,
certain phases of the seasonal regime are particularly
critical for the occurrence of snow and ice and their
response to climatic variations. Of primary importance
are the times of seasonal temperature transition across
the 0°C threshold (-1.8°C in the case of sea water).
Other threshold effects which influence radiative
and turbulent energy exchanges arise as a result of the
large albedo differences between snow cover (about
0.80) and snow-free ground (0.10 — 0.25) or between
ice (0.65) and water (0.05 — 0.10).
Most atmospheric models suggest that increased
C 0 2 concentrations will lead to warming in the polar
regions several times that which will occur at middle
and low latitudes. The models predict that doubling
the C 0 2 concentrations will lead to a significant
reduction in snow cover and sea ice with perhaps, if
the warming persists, melting and deterioration of the
major polar ice sheets. Cryospheric processes, parti
cularly those responding rapidly to climatic change,
may thus be excellent potential early indicators of
C 0 2-induced effects. It is, nevertheless, essential to
also m onitor other, slower-responding phenomena,
because of the critical significance of any possible
changes which may be detected in them. The following
four primary candidate parameters for monitoring —
namely sea ice cover, snow cover, ice cap mass-balance
changes and lake ice freeze-up/breakup — are discussed
in more detail below.

ship between temperature and the extent of sea ice.
While the natural variability of ice extent is large,
Kukla (1982) has shown for the Antarctic that it is
at least consistent with the postulated C 0 2-induced
warming effect. Data for the Arctic do not indicate
any sign of a C 0 2 warming there in the past 25 years.

Figure 2. Five-year mean surface air temperature anomalies
in the northern hemisphere over the last 100 years (bottom
curve) and changes in the area of ice cover o f the Arctic Ocean
(top curve). Changes in area o f ice cover in the second half of
August are shown in the middle curve (Vinnikov et al. 1981).

Response Time and Rate of Change

The model of Manabe and Stouffer (1979), which
exaggerates the C 0 2 concentrations and hence the re
sulting warming, shows the sea-ice cover of the Arctic
Ocean to be reduced to a seasonal ice cover, which
reforms in winter (Fig. 3). Budd (1975) calculates
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PARAMETER: SEA ICE COVER
Sensitivity of the Parameter

Model calculations by Manabe and Stouffer (1979)
show the sea ice cover, both in aerial extent and thick
ness, to be a very sensitive indicator of climate change.
Observations (Fig. 2) and paleoclimatic reconstructions
using sediment data (Hays 1978) confirm the relation

Figure 3. Numerical modeling simulations of the effect o f a
4 x C 0 2 increase on the extent and thickness o f sea ice in the
Arctic (bottom graph) as compared to present conditions
(top graph). N ote that the sea ice disappears in summer and
becomes much thinner in winter (Manabe and Stouffer 1979).
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night capability is essential, since both polar regions
are dark for prolonged periods, and seasonal cloud
systems are extensive. Microwave or radar systems
are needed, but there is likely to be a hiatus in the
launch of U.S. spacecraft with such systems, that can
perhaps only be filled by using European or Japanese
satellites. Apart from the spacecraft systems, which
presumably will have other uses and justifications,
reduction of the sea-ice data is a relatively inexpensive
operation,

from empirical data in Antarctica, that an annual
change of 1°C in mean temperature corresponds to
a 70-day variation in the duration of sea ice and a
2.5° latitude variation in maximum extent. Despite
the thicker ice in the Arctic (>3 m) compared to
the Antarctic (<2 m), empirical and modeling results
seem to indicate that the ice extent responds rapidly
(on a seasonal time scale) to climate changes.
Signal-to-Noise Ratio

Sea-ice extent is a very noisy parameter when con
sidered over short-tim e scales or small-space scales,
since it is determined by numerous environmental
parameters and by both dynamic and thermodynamic
processes. In the Antarctic, where sea ice displays a
wide seasonal variation in extent, recent studies
have shown a decreasing trend, although the changes
are still within 1 S.D. of the long-term mean (Budd
1980). In the largely closed Arctic Ocean, variations in
physical processes determining the ice extent are more
limited on a seasonal basis.

PARAMETER: SNOW COVER
Sensitivity to the Parameter

The C 0 2 signal for snow cover is not as clear as it
is for sea ice, and the effects of C 0 2-induced warming
on snowfall and snow cover will vary with latitude.
In low and middle latitudes, where the occurrence of
snow rather than rain is frequently marginal, warm
ing will decrease the frequency of the snowfall and
the duration of snow cover on the ground. In high
latitudes where snowfall is limited by the frequency
of cyclonic incursions and the moisture flux, there
is a tendency for warm winters to be snowy, as, for
example, at Barrow, Alaska, (Barry 1982). The yearto-year variability of snow cover in the northern hem
isphere is very large, but global warming could eliminate
the occurrence of snow completely in' broad areas
of low snowfall frequency (Dickson and Posey 1967)
and increase it at higher latitudes. However, it could
also result in an overall increase in the length of the
snow-free season in the higher latitudes due to warmer
summer temperatures. The location of the snow
transition zone (Fig. 4) is probably a good general
indicator of climate change.

Adequacy and Availability of Past Data Base

Accurate data on the extent of sea ice in both hem
ispheres is limited to the satellite records of the last
two decades or so, although historical data in isolated
instances, e.g. Iceland (Vilmundarson 1972) and
Northern Europe (Vinnikov et al. 1981), date back
100 years and more. Sediment-core data (Hays 1978)
have extended this data base by inferring the presence
of ice from ocean temperatures. The satellite records
are presently too short to determine definite trends,
but continued monitoring over the next 10 to 15
years should establish whether or not they are signifi
cant. Data on sea-ice extent are also not yet routinely
archived in digital form.
Spatial and Temporal Coverage and Resolution of
Additional Measurements Required

Satellite measurements allow routine integration of
the areal extent of sea ice in both hemispheres. It
would be useful also to have thickness distributions
of sea ice in both polar regions, but these measure
ments are presently not feasible for satellites. Weekly
averages for each hemisphere, as determined at present,
are not only adequate, but permit the derivation of
monthly and annual means as well as maxima and
minima.

Figure 4. Seasonal shift of the Frigid Climate Zone (FCZ) with
the inner Deep Freeze Zone (DFZ) and outer Snow Transition
Zone (STZ), as observed in 1975 in the lowlands o f the North
ern Hemisphere, between 70 and 110 W and between 50 and
120 E. The northern boundary is delineated by the northermost regional occurrence of snow-free ground, the southern
boundary by the southernmost occurrence of snow fields (After
Kukla 1982).

Feasibility and Cost

Technical systems presently exist to carry out this
routine monitoring from spacecraft. All-weather and
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caused by C 0 2 effects. Zonally averaged locations
of the snow transition zone may provide the most use
ful signal.

Response Time and Rate of Change

At high latitudes, the duration of snow cover is
determined primarily by summer temperatures, as
the depth of snow is not highly variable from year
to year (Barry 1982). Typically, a 30-40-cm snow
cover in the Arctic disappears in about 10 days from
the start of melting (Fig. 5) and requires about 2-3 kj
c m 2 (Weller and Holmgren 1974). The generally
thin snow cover of the Arctic thus requires little
energy for melting, and can therefore amplify very
rapidly any changes in the surface energy balance
triggered by C 0 2-induced warming.

Adequacy and Availability of Past Data Base

Information on the duration of snow cover and the
last date of snow on the ground is available for Canada
(Potter 1965) and in maps of probability for the
northern hemisphere (Dickson and Posey 1967).
Kukla (1982) and Matson and Wiesnet (1981) have
recently compiled satellite information on monthly
snow limits, but such data are needed with a higher
time and space resolution for the present purposes.
Snow-depth data are not available in convenient ar
chives, although they are recorded in written synoptic
weather reports, and selected mapping has been
performed by the British Meteorological Office since
1962 for Eurasia; since 1971, this has included North
America (Taylor 1980).
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Spatial and Temporal Coverage and Resolution of
Additonal Measurements Required

A regular program of mapping the extent and
depth of global snow cover with a 50-km grid is re
quired. Frequent satellite resolutions with a 1-4 km
range make this possible for the snow-cover extent;
the snow-depth data of the synoptic weather reports
have a much coarser resolution, however. Snow maps,
which are presently compiled on a weekly time interval,
are adequate for long-term monitoring studies, al
though this does not allow studies of synoptic-scale
interactions, which require daily maps.

i---- 1Net radiation
i---- 1 Sensible heat
from air

1

Sensible heat to
warm snow /soil
Sensible heat
to warm air
I Latent heat to
melt/evaporate

Feasibility and Cost

The satellite systems now in use are adequate for
the purposes of measuring snow-cover extent, but
depth cannot now be measured from space. Apart
from the spacecraft systems, which presumably have
other uses and justifications, reduction of the snow
data is a relatively inexpensive operation.

Figure 5. Daily heat balance at the snow surface through the
entire snow-m elting period at Barrow, Alaska. N ote that the
available heat energy increases by about an order of magnitude
within two weeks. Melting started on June 4. (After Weller
and Holmgren 1974).

PARAMETER: ICE CAP MASS
BALANCE CHANGE

Signal-to-Noise Ratio

Sensitivity of the Parameter

The signal-to-noise ratio of snow-cover extent in
the Arctic is likely to be high, because snowfall at
high latitudes is small and one day’s amount may be
a large percentage of the total precipitation in some
areas (Maxwell 1980). As discussed above, snow cover
may either increase or decrease, depending on latitude,
geographic location, and change in circulation patterns

The effects of a warming on the Greenland and
Antarctic ice sheets are likely to be complex (Bentley,
personal communication). Discounting for the present
the possible effects of C 0 2 increases bringing about the
disintegration of the West Antarctic ice sheet (Hughes
1975), C 0 2-induced warming could result in either
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positive or negative mass balance changes of the ice
sheet. Ambach (1980) states that a temperature change
of only 1.5°C will cause a measurable negative change
in the mass balance of Greenland. On small glaciers in
Alaska, a modest winter warming over a few years
brought substantial increases in the mass balance of
the glaciers (Mayo and Trabant, this volume). The mass
balance changes of large ice sheets will affect the sea
level, but only very slowly. A change of 0.1% of the
global land ice cover (which is considerable) will result
in a sea-level change of about 5 cm (Flint 1971) a
value considerably above the measurement accuracy
of the present sea-level network. We thus need to mea
sure the mass balance of these ice sheets in order to
understand both short-term and long-term sea-level
changes.

Feasibility and Cost

The feasibility of making such measurements has
been demonstrated by using the laser altimeter on the
GEOS-3 satellite launched in 1975 (Brooks et al.
1978). No U.S. satellite presently carries such equip
ment, however, but plans for future satellites should
include it. If a laser altimeter were included in future
satellites, the cost would be high.
PARAMETER: LAKE ICE FREEZE-UP/BREAKUP
Sensitivity of the Parameter

The dates of freeze-up and breakup of inland
waters have been used as climatic indicators (Adams
and Brunger 1975). Freeze-up can be satisfactorily
correlated with freezing-degree days, but less satis
factory relationships exist for the break up dates.
Since freeze-up and break up dates of lakes can be
conveniently monitored synoptically from spacecraft,
some suitably identified lakes may be convenient
climatic integrators of C 0 2-induced temperature
changes.

Response Time and Rate of Change

Because of the large mass and residence time
(about 103-105 years) of the ice in the Greenland and
Antarctic ice sheets, responses to C 0 2-induced warm
ing will be slow in these ice sheets. Based on our pres
ent knowledge, it appears that a C 0 2-induced warming
on the century time-scale will have only minor conse
quences for ice sheets, but changes may be detectable
at intervals of 5 to 10 years.

Response Time and Rate of Change

Like the other cryospheric parameters discussed,
with the exception of the large ice sheets, lake ice
responds quickly to temperature changes and in an
approximately linear fashion. Williams (1971) showed
that break up dates could be predicted with standard
deviations of 3-8 days for continental lakes.

Signal-to-Noise Ratio

The signal-to-noise ratio is probably fairly high,
since the interiors of these large ice sheets are climat
ically very stable, but the noise may be increased by
the limits of present measurement techniques.

Signal-to-Noise Ratio

Freeze-up depends on the heat storage in the
water (i.e. water depth), the rate and temperature of
any inflow, and energy exchange with the atmosphere.
The signal-to-noise ratio for any particular lake
must therefore be fairly low, especially for the break
up dates, for which river inflow and wind are impor
tant factors, or where there is a high variability in
year-to-year snow depth on the ice.

Adequacy and Availability of Past Data Base

The mass balance of the Greenland ice sheet is
fairly well known (Ambach 1980) and recent satel
lite measurements, using laser altimetry (Bentley, per
sonal communication) and airborne radio echo sound
ing (Robin et al. 1977), have begun to give us similar
data for Antarctica. Previous estimates of the mass
balance changes of Antarctica are too unreliable,
varying from positive to negative values.

Adequacy and Availability o f Past Data Base
Spatial and Temporal Coverage and Resolution of
Additonal Measurements Required

Historical data do exist for lakes in North America
(Allen and Cudbird 1971, Bilello 1980) but their
spatial representativeness is not well known.

Satellite-borne radar altimeter flights in a polar
orbit are required for at least every 10 degrees of lon
gitude. The vertical resolution of the height of the ice
sheet should be ±5 cm. Changes of the ice-sheet mass
balance of Greenland and Antarctica should be mon
itored at 5-year intervals.

Spatial and Temporal Coverage and Resolution of
Additional Measurements Required

Some suitable lakes should be identified for mon
itoring freeze-up and break up of lake ice, taking into
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CONCLUSION

consideration their location, size, and special effects.
They should ideally have existing historical records
and be unlikely to experience artificial disturbance
in the foreseeable future. Monitoring should be done
both from spacecraft and from the ground. Daily,
coverage is needed as part of regular satellite over
passes and/or routine climatological observations.

The polar regions play a key role in the early
detection of C 0 2-induced climate change. Sea ice
in particular is sensitive to temperature changes and
is therefore probably best suited to monitor such
changes. It is, nevertheless, essential to also monitor
other slower-responding parameters, including the
mass balance of the large continental ice sheets of
A ntarctica and Greenland, because of the potential
changes in the height of the global mean sea level
caused by the changes in mass balance. It seems
likely that any climatic changes due to C 0 2 increases
will be detected first in the polar regions, o

Feasibility and Cost

The present observational systems on spacecraft
and on the ground are adequate for the purpose.
In remote areas, automated equipment may have to
be installed. Cost is low. Most of it is already included
to a large extent in routine climatological observational
systems.
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SECTION II:
PROCESSES
OF
CARBON DIOXIDE-INDUCED ENVIRONMENTAL CHANGE

The Effect of Primary Production on the
Carbon Dioxide Components of the Bering Sea Shelf

Donald W. Hood and Louis A. Codispoti*

ABSTRACT
Processes associated with primary production in the surface waters of the Eastern
Bering Sea Shelf reduce the partial pressure of gaseous carbon dioxide (p C 0 2) in the sur
face water from equilibrium with air wintertime values of about 340 fiA to as low as 125
/lA at the end of spring bloom late May or early June. The toal inorganic C content in the
surface water at one station dropped from 2.05 mM/1 in early April to 1.70 mM/1 at the
beginning of June. Nitrate concentration reduced from 20 MgA/1 in April to about 0
jUgA/1 in June. The C -to-nitrate uptake ratio for this period was 17 to 1.
By June 1, on the Bering Sea Shelf, ~ 1 0 0 gC/M2 of inorganic C is tied up as organic
C or as biogenic C aC 03 in the average year. Some o f this C will be replaced by atmo
spheric C by exchange of C 0 2 through the sea surface, some from respiration by biota,
and some by dissolution of CaC 03. The opportunity exists for replacement of some of
the organic C which will be lost to the deep-ocean basin by atmospheric C 0 2 in the shelf
water column.
If all high-latitude shelves behave like the Bering Sea Shelf, as there is evidence, then
the potential for biological fixation of C and subsequent transfer o f part o f this particu
late organic C to the deep sea possibly provides a useful mechanism for helping balance
the global C budget. However, much consideration must still be given to the demands of
the biota o f the shelf region for fixed C before excesses over that required can be shown
to be available for deep-ocean transport. The source required to resupply any N that is
lost to the deep ocean with organic C must also be established.

INTRODUCTION

processes of the fauna of the earth and for energy
by man. It is these processes of solar-energy fixation
(photosynthesis) and consumption (respiration and
burning) which constitute the main part of the C 0 2
cycle. However, the rates at which these processes
occur within the reservoirs of both fixed and inorganic
C in the world is a complex environmental problem
that has perplexed atmospheric, oceanographic, and
other earth scientists for many decades. In this paper,
we deal mainly with that part of the C 0 2 cycle which
occurs on broad continental shelves of the high-lati
tude oceans. Recent efforts have focused on PROBES
(Processes and Resources of the Bering Sea Shelf)
under sponsorship of the Division of Polar Programs of
the National Science Foundation. A data base on C 0 2

Carbon, the most im portant elemental building
block in life processes, has been the subject of more
scientific investigations than any other element in
nature. The most oxidized form of C, C 0 2, is required,
along with N, P, K, and some trace elements, in the fix
ation of solar energy by nearly all known photosynthesizing plants. This fixed energy, stored in the
form of complex C compounds, is used for the life

*Donald W. Hood: University of Wasington, Friday Harbor,
Washington.
Louis A. Codispoti: Bigelow Laboratory for Ocean Sciences,
West Boothbay Harbor, Maine.
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chemistry and related subjects has been accumulated
over the past 7 years (1976-1982) in the southeast
Bering Sea. The information available is probably
greater than any like information available for any
other part of the w orld’s oceans (Niebauer et al. 1982).
Presentation of some of the results of these studies
appears to be relevant to the discussion of this sym
posium.
Carbon dioxide is required for C fixation (photo
synthesis) and is a product of the decomposition of
organic m atter (respiration). Carbonate ion is required
for producing calcium carbonate “hard parts” (e.g.
shells). Both the organic carbon and carbonate material
in organisms contribute importantly to marine sedi
ments. The detritus is im portant in providing food to
the benthic biomass and may provide energy long after
primary production has ceased, be buried to enter into
the long geochemical cycle of organic-fuel formation,
or perhaps be transported far from its place of origin
by ocean currents to play a significant role in the
global C cycle (Walsh and McRoy, this volume).
A simplified C cycle, presenting only the essen
tial features, is shown in Figure I. This cycle may be
divided into several compartments:
1) gas exchange through the sea surface
2) dissolved inorganic components, molecular
carbon dioxide, carbonic acid, bicarbonate, and
carbonate ions
3) organic carbon or carbon with fixed energy
produced largely by photosynthesis, the major
mechanism for transferring inorganic to organic
carbon
4) decomposition of organic carbon, respiration,

o
o

/

METHODS

The methods for measuring p C 0 2 in this study
were the same as those described by Hood (1981) and
Codispoti et al. (1982). The partial pressure of C 0 2 gas
in surface water pumped continuously from the ship’s
sea chest was measured in an equilibrated gas stream
by a Beckman model 215 or 315 IR infrared gas
analyzer. Standardization was made against gases of
known concentration based on the primary standards
of C. D. Keeling of Scripps Institution of Oceano
graphy, Lajolla, California, for the 1976-80 data and
the Bureau of Standards for the 1981 data.
Nutrient determinations were made, mostly
aboard ship, with Technicon Auto-analyzer techni
ques using methods described by Goering et al. (1973).
Total carbon dioxide (C 0 2 + H2C 0 3 + H C 03‘ + C 0 3’)
was measured by stripping acidified samples with N
and then measuring C 0 2 content with a Beckman
215 B IR analyzer standardized with sodium carbon
ate solution.

o

Photosynthesis
Phytoplankton

Respiration:
Bacteria
Zooplankton

or the process by which energy stored as or
ganic carbon is utilized by animals and C 0 2
is returned to the inorganic systems
5) detritus, formed from the excess of photo
synthetic production over that consumed by
pelagic organisms, fecal pellets, and remains of
organisms, settles to the bottom as the organic
component of particulate m atter and provides
food for benthic organisms or enters into sedi
mentary processes
6) the alkaline earth carbonate crustations and
precipitates which may form long-term de
posits of C dependent upon solubility equilib
rium relationships for recycling to the inor
ganic pool.
One point in the C cycle which is commonly
overlooked is the behavioral characteristics of mam
mals and birds which feed on the fixed C of the
marine system, but which respire to the atmosphere,
thus effectively unbalancing the fixation-consump
tion coupling to the extent of their activity. In the
eastern Bering Sea, where these animals may be an
im portant part of the biomass, this effect may be
significant. The result would be to reduce the inor
ganic C pool, thereby depressing both the partial pres
sure of C 0 2 gas and the total inorganic C content. Re
placement of the C 0 2 expired by mammals and birds
can only come from air-sea gaseous exchange.
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RESULTS AND DISCUSSION

Continental shelves are difficult to study because
significant events occur over relatively small temporal
and spatial scales (hours-weeks, meters-several kilo

Figure 1. Simplified flow of C in the ecosystem. The vertical
shaded bar represents the division between the inorganic
and organic part of the C 0 2 system.
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meters). Also, on most shelves, the transition between
open ocean and shoreline is compressed and therefore
adds to the difficulty of understanding shelf processes.
The Bering Sea Shelf offers one of the best regions of
the world to study processes which occur on con
tinental shelves because it is very broad (600 km) and
has a gentle slope. Oscillating tidal currents are moder
ate (20 cm/sec), but net flow is normally 2-5 cm/sec.
These factors permit the processes to be spread out in
space and time so they can be examined over a realistic
grid system that maintains its properties, more con
servatively than elsewhere.
Figure 2 shows the frontal system in the south
east Bering Sea and Figure 3 the circulation over the
same area. This system is fairly persistent throughout

Figure 3. Estimated mean circulation over eastern Bering Sea
shelf. Flow over the shelf is mostly tidal, so that instantaneous
flow is quite different than the depiction. For instance, over
the middle shelf we expect flow speed at any time to exceed
20 cm/sec. Even though the long-term vector mean is less than
1 cm /sec., and instantaneous directions seldom agree with the
arrows at any location (Kinder and Schmacher 1981a).

Table Is Rate o f total C and nitrate utilization at position
12 in spring o f 1980 at 3 m depth (conc. in mols/1)

Days
Figure 2. Approximate boundaries separating the three shelf
(coastal, middle, outer) and the oceanic hydrographic domains.
The boundaries are three fronts: inner, middle, and shelf break.
These fronts roughly coincide with the 50m isobath, the
100m isobath, and the 200m isobath (shelf break). (Kinder
and Schumacher 1981)
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the year, but is especially stable during late spring and
summer when most of the primary production for this
region occurs. The region may be ice covered during
cold winters (1976), but largely ice free during warm
ones (1978-1981). In winter, whether the area is ice
covered or not, the energy from winds, tides, and
thermal cooling is sufficient to mix the water column
from top to bottom everywhere except the outer
edge of the outer domain.
When spring arrives, nutrients are already rich in
the surface water (table 1). When sufficient heating
(light) causes stratification of the water column to
prevent the phytoplankton from sinking below the
euphotic zone, the spring bloom begins. During the
period of spring bloom (April-June), about 75 per cent
of the annual primary production occurs, the total
of which appears to be limited only by the N -contain
ing nutrients which are reduced to near zero in the
surface waters of the entire shelf region.
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THE C 0 2 COMPONENTS

It has long been known that high primary produc
tivity reduces the concentration C 0 2 components
along with the nutrients (Park et al. 1958). The effect
of primary production in lowering the partial pressure
of C 0 2 in the surface waters of the Bering Sea Shelf
was first observed in the PROBES study in 1976. The
results of surface mapping of the outer domain are
shown in Figure 4. These data show lower p C 0 2 values
that are among the lowest reported for large oceanic
regions. It is apparent that similiarly low pC 02 con
centrations exist over the entire shelf during the
spring and summer periods during high primary pro
ductivity (fig. 7). The higher values found occasionally
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Figure 4. Distribution of partial pressure differences (ApCOj)
between air and water in outer domain of PROBES area in
May 1976 (Hood 1981).
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in the outer domain, especially near Unimak Pass and
beyond the outer shelf break front, are probably a
result of vertical mixing or upwelling of deeper, high
pC 02 bottom water (Hood and Kelly 1976).
Along with the deep depression in p C 0 2, the nu
trient concentrations of the surface water are also
depleted. In fact, as shown in Figure 5, there is a strong
correlation between nitrate and p C 0 2 concentrations.
The circled dots in the top figure show zero nitrate
values at the surface where p C 0 2 was measured, but
higher values at depth. These data indicate that photosynthesizing plants are capable of removing all the
nitrate from the euphotic zone, resulting in a deep
depression in p C 0 2 of the surface waters. These data
as well as other results (Hattori and Goering 1981)
indicate that growth of phytoplankton is limited by
the availability of N nutrients.
There appears to be little correlation between
chlorophyll a and p C 0 2 — although high chlorophyll
a is always associated with a low p C 0 2, the converse is
not true. The low p C 0 2 values in the relative absence
of chlorophyll a probably results from the slow re
covery of pC 02 through respiration and exchange as
compared to the rate of chlorophyll decomposition
or settling out of the euphotic zone.
The 1980 data, which also include total C 0 2
concentrations further show that nitrate and the inor
ganic C components are closely linked in their utiliz
ation in the water column (see fig. 6). Considering the
whole season, the ratio of C to nitrate utilization is
indicated in Table 1 which shows an average ratio of
approximately 14 to 1. When the effects of carbonate
precipitation on d gas exchange are taken into account,
however (see Codispoti et al. 1982), the ratio of
organic carbon production to nitrate uptake is ~ 12.
This is about the same ratio as found by PROBES
productivity measurement in bottle experiments
using C-14 and N-15 tracer techniques (Ray Sambrotto
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Figure 5. Relation between nitrate-N concentrations and dif
ference between water and air p C 0 2 values. Top data for 1976
R/V Acona cruise. Middle and bottom data for 1978 leg III
R/V T. G. Thompson (Hood 1981).

and John Goering, Institute of Marine Science, Univer
sity of Alaska, personal communciation).
In 1981, we were fortunate in being able to ob
tain extensive data for the period near initiation of
primary productivity (April 11-13) until the end of
July (16-18) when much of the recycling of carbon
and nutrients had occurred. During previous years,
it had been established that the PROBES area be well
represented by a cross shelf line of sampling stations
extending from beyond the shelf break front (Station
1) to inside the inner front (Station 24). This is refer
red to as PROBES line A by Walsh and McRoy (this
36
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volume). These data for p C 0 2 are shown in Figure 7 a
and b and for 0 2 in Figure 8 a and b. On these figures,
the shelf break front falls somewhere between stations
1 and 3, the middle front between stations 9 and 11,
and the inner front between 18 and 20.
From these data, it is seen that the p C 0 2 depres
sion and 0 2 saturation correlate fairly well for the
periods April 11-13 to June 1-3 or during the period
of maximum primary productivity, but diverge after
June 11-14 for the rest of the sampling period or dur
ing the period of maximum regeneration. Of particular
interest is the observation that 0 2 has nearly returned
to 100 per cent saturation at all stations except those
beyond the shelf break front by the July 16-18 sampl
ing, whereas p C 0 2 is still highly depressed except at
stations outside the shelf break front and inside the
inner front. In the middle and outer domain, the pC 02
recovery, resulting from both respiration and exchange
through the sea surface, is sluggish compared to that
for 0 2. The reasons for this are not clear. Based on
these data, about all that can be said with confidence
is that respiration should contribute to p C 0 2 regener
ation and O consumption on approximately a mole/
mole basis. The differences in rate of recovery must
then relate to differences in exchange rates with the
atmosphere. Intensive studies are underway to obtain
better 0 2 and C 0 2 exchange rates across the sea sur
face, but it is known that 0 2 tends to equilibrate with
the atmosphere faster than C 0 2 (Broecker 1974).
Total C data for the water column integrated to
50 m for representative stations on the PROBES line
A for the 1981 field season are shown in Figure 9.
These data indicate an average net loss of about 100 g

POSITION 12 PROBES'A" LINE

Figure 6. Time series for p C 0 2, 2 C 0 2 and N 0 3 on PROBES
A line station 12, 23 March-23 May 1980.

Figure 7-a. p C 02 values at PROBES A line stations, 11-13
April to 1-3 June 1981.

Figure 7-b. p C 02 values at PROBES A line stations, 1-3
June to 16-18 July 1981.
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Figure 8 -a. Oxygen values (in per cent saturation) at PROBES
A line stations for 11 -13 April to 1 - 3 June 1981.

Figure 8-b. Oxygen values (in per cent saturation) at PROBES
A line station for 1-3 June to 16-18 July 1981.

of carbon in the inorganic carbon pool for each square
meter of surface area on the PROBES A line between
April 12 and June 1. This C, less what might have been
removed by carbonate precipitation represents that
which is fixed in organic form that has not been
utilized by water column biota. This then represents
net community production. To obtain gross primary
production from these data it is necessary to add a
utilization (respiration) term which may be derived
from the increase in C after June 1. Unfortunately, a
change in water mass characteristics in early July that
appears to have been caused by advection, temporarily
interrupted the increasing trend in inorganic C. Further
discussion of this method of measuring primary
production is given in Hood (1981).

CONCLUSIONS

The data presented here are very im portant to
the worldwide C 0 2 cycling and accumulation pro
blem. The area represented by these studies is only
about 1 x 105 lm2 in size, yet like areas in high lati
tudes — particularly northern — can be identified.
They would probably function in a similiar way to
the Bering Sea Shelf. The fact that the waters of these
large shelf regions are depleted of C 0 2 with respect to
air indicates existence of a sink on the order of 100
g C/m2 (1 x 1013 g C for the PROBES area alone) for
atmospheric C 0 2 during the summer months. Some
of this will be replaced with atmospheric C 0 2 and
some will be replaced by respiration by the biota.
That part which is gained from the atmosphere during
the summer would become excess during the winter,
unless convected away, if we assume equilibrium in
the system, i.e. C fixation is equal to utilization of
fixed carbon on an annual basis.
There is considerable debate as to whether equilib
rium in the shelf waters exists on an annual basis or
whether a substantial portion of fixed C may be lost to
deep ocean water (Walsh and McRoy, this volume). If
such losses do occur, then that amount lost would
allow for an equivalent sink for atmospheric C 0 2 into
the shelf waters.
From the observations made in the Bering Sea, it
appears that the deficiency in C is tied to the avail
ability of the nutrient, nitrate in the euphoric zone,
i.e. N is limiting to this system and there always
appears to be an excess of other nutrients including
C. In fact, these data suggest that one could estimate
the deficit level of total inorganic C will reach (and
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Figure 9. Total carbon dioxide on representative stations of
the PROBES A line for the 1981 field season.

38

the accompaning pC 0 2) in any year by knowing the
prebloom nitrate concentrations. It is assumed that
this nutrient will be depleted to zero concentration
during the growing season. The ratio of C /N 0 3" for
this computation has been found to be in the range of
15-18 to 1.
Several difficulties still exist in making a valid
com putation of C 0 2 deficiencies based on nitrate
levels alone. First and probably the most im portant
is our lack of reliable data on the transfer rate of
C 0 2 between the atmosphere and the ocean under
the conditions at high latitudes. This mass transfer
must be subtracted from nitrate utilization to ob
tain an equivalent utilization of C and thereby its
pC 02 in the water column. Second, fixed carbon
compounds containing nitrogen are utilized by organ
isms for energy and body materials (about 90 per cent
for energy). That which goes into energy results in a
release of C 0 2 and N in the form of NH3-NH4 +, The
NH3 -NH4 + compounds, as well as amino acids in some
cases, are used by plants in the fixation of additional
C. This process in itself does not constitute a serious
problem since an equivalent am ount of carbon dioxide
is released with NH3-NH4 + during energy utilization

and is likewise consumed when NH3 -NH4 + is used for
additional C fixation, thus cancelling out a net effect.
However, much of the utilization occurs out of the
euphotic zone or may not be utilized as fast as regen
erated, thus causing an indeterminate am ount of
respired C 0 2 in the water column. Third, any nitrate
regeneration, denitrification, or change in ratios of
utilization might cause serious errors in the C deficit
computation. Fourth, any change in pH caused by the
above processes would, of course, influence the con
centrations of inorganic C 0 2 components in the water
column, and, particularly, p C 0 2.
The data presented here and, hopefully, the dis
cussion show the importance of the C 0 2 system of
the ocean to the worldwide C 0 2 problem. This system
is heavily influenced by primary productivity, energy
utilization, and seasonal cycling of nutrients, partic
ularly nitrogen. Our understanding of the C 0 2 system
depends on a thorough understanding of how the
ocean functions as a unit. Success in understand
ing the perplexing C 0 2 problem will undoubtedly
depend on a better understanding of the ocean pro
cesses which control it. O
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Carbon Dioxide in the Arctic Atmosphere:
Air-Sea and Air-Land Interaction

John J. Kelley and Thomas A, Gosink*

ABSTRACT
Uncertainties still exist about the future trend of consumption of fossil fuel, the role
of the biosphere and oceans in the carbon cycle, and the relationship between atmo
spheric carbon dioxide and climate. Recent results from climatic model studies suggest a
general global temperature rise of 4-5 C resulting from nearly double the amount of the
present atmospheric carbon dioxide concentration. The temperature rise is expected to be
two to three times as great in the high northern latitudes.
The Arctic regions at first appear to be almost insignificant with respect to the airsea-ice and air-land exchange of carbon dioxide. Our observations in the Arctic indicate
that the Arctic hydrosphere and, to a lesser extent, the land significantly affect tropo
spheric dioxide and that these effects operate throughout the year. The sea ice and icefree polar ocean areas are of particular interest.
Approximately half of the Arctic Ocean is composed of annual sea ice. Carbon
dioxide and other trace gases (CO, CH4 , N 20 , CH3C1) have been observed to move
across the air-sea-ice boundary. Annual sea ice (not multiyear ice) in the Arctic, partic
ularly when the ice temperature is warmer than 15 C, permits significant gas exchange
between the sea and air throughout the entire year. Rates o f exchange of carbon dioxide
have been observed over a range of 1 to 30 x 106 g C 0 2 km 2 mo 1.
Arctic and subarctic seas, particularly the Barents and Bering Seas, exhibit very low
equilibrium partial pressures of carbon dioxide in the surface waters with respect to air
during the summer. Because of the low summer carbon dioxide partial pressures, the
Barents Sea region overwhelms all of the other known potential sources and sinks for
carbon dioxide within the Arctic.
The influence of the tundra regions on the Arctic carbon dioxide balance is still
controversial. The tundra and taiga regions act as both a source and sink for carbon
dioxide to yield a small, net, annual sink. However, recent evidence from other investi
gators suggests that the effect of the tundra regions may be substantially larger as a sink
for atmospheric carbon dioxide.
The seasonal data base for carbon dioxide in the Arctic still needs to be improved
particularly in the region of the peripheral polar seas. This is especialy true during the
winter and during the time of freeze and thaw. Based on the present data base, the Arctic,
which is predominantly an oceanic region appears to be a small but potentially significant
sink for atmospheric carbon dioxide.

INTRODUCTION
* John J. Kelley: Institute of Marine Science, University of
Alaska, Fairbanks.
Thomas A. Gosink: Geophysical Institute, University of Alaska,
Fairbanks.

The Arctic regions (fig. 1) at first consideration
appear to be almost insignificant with respect to the
exchange of carbon dioxide as well as other trace gases
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Figure 2. Monthly average concentration of carbon dioxide
near Barrow, Alaska, referred to a constant datum (January
1960).

synthetic activity. The question, of course, needs to be
asked: What, if any, significant effect does this region
have on the worldwide carbon dioxide balance and, in
turn, on the well-being of the state of Alaska and
Arctic rim nations?
The Arctic environment is certainly not ice-sealed
nor noninteractive (Gosink et al. 1976). Our obser
vations indicate that the Arctic hydrosphere, and
possibly to a lesser extent, land, (Coyne and Kelley
1975), significantly affect tropospheric carbon
dioxide, and that these effects operate throughout the
year.
According to the Manabe-Stouffer model (1979),
which shows a theoretical climatic response to changes
in atmospheric carbon dioxide, a sufficient increase in
the atmospheric carbon dioxide content could result
in the seasonal disappearance of sea ice of the Arctic
Ocean. This would have a stong effect on the transfer
of heat and water vapor between the sea and air in the
high northern latitudes and would in turn affect terres
trial areas as well. More far-reaching effects would be
related to changes in oceanic and atmospheric circula
tion patterns.
Much less attention has been placed on the carbon
balance of ecosystems north of about 60° which have
low annual productivity and low standing crops of
carbon above ground, but have large areal extents,
massive accumulations of peat, and high sensitivities to
climate change (Miller et al. 1976). Much of this
northern land is underlain by permafrost ranging from
areas of thin or discontinuous lenses to continuous
permafrost to about 650 m thickness (Osterkamp and
Payne 1981). The organic carbon content of the
permafrost is a major unknown at this time, but may
be substantial. If carbon dioxide is released into the
atmosphere because of an increase in global tempera
ture, then a positive feedback may result, thus
accelerating the rise in atmospheric temperatures.
The effect of temperature on the carbon accumu
lation or loss rate is both direct, through the different

Figure 1. The Arctic Ocean and surroundings (from Polar
Regions Atlas, C.I.A., May 1978).

across its various surfaces — land, sea, ice. The entire
area of the Arctic is only 4 per cent of the earth's
surface. Its ocean-sea area is only 3.8 per cent of the
world’s ocean surface. In addition, it is dominated by
glacier and sea ice.
The first systematic observations of atmospheric
carbon dioxide (Kelly 1973) commenced at a remote
site near Barrow, Alaska, in 1961 and terminated in
1967. Observations commenced again in 1973 as part
of the National Oceanographic and Atmospheric
Adm inistration’s Global Monitoring for Climatic
Change (NOAA-GMCC) program. Winter to summer
average variations in arctic and subarctic tropospheric
carbon dioxide levels are the largest recorded at all
the worldwide monitoring sites. The annual atm o
spheric carbon dioxide fluctuation (fig. 2) is character
ized by a gradually rising carbon dioxide concentration
in the winter, falling to a minimum in August and
rising again in the fall. The annual rate of increase of
carbon dioxide concentration on the other hand is the
same as that recorded in the tropics and at the South
Pole (Bolin and Keeling 1963; Keeling, Bocastaw,
Bainbridge, Ekdahl, Guenther, and Waterman 1976;
Keeling, Adams, Ekdahl, and Guenther 1976), present
ly about 1.5 ppm/yr or 3 GT C 0 2/yr. (1 GT = 109
metric tons [MT]; 1 million MT = 1 0 12g).
These annual tropospheric carbon dioxide fluctu
ations are generally ascribed to transport of polluted
lower-latitude continental air into the region during
the winter. The reduction during the spring-summer is
probably due to hemispheric resurgence of photo41

and Rusanov 1980) the open-water areas of the leads
and polynyas of the central Arctic may provide a small
sink for carbon dioxide.

temperature responses of photosynthesis and decom
position, and indirect, through the effects of tempera
ture on soil thaw, exposure of buried peat layers,
drainage, and soil aeration, mineralization of limiting
nutrients (usually nitrogen and phosphorous), and
increased nutrient availability. Methane (Gosink 1982)
is already observed to evade the tundra and would con
tinue to be released upon melting of the permafrost.
The acquisition of data on carbon dioxide and its
rate of exchange within this polar environment is
difficult to achieve. There have been a few notable
exceptions such as the facilities provided by Arctic ice
drifting stations, the International Biological Program,
and recently the Swedish YMER-80 expedition which
penetrated deep into the late-summer-to-early-fall ice
fields of the east Greenland and Barents Seas. At the
present time, the data base is sufficient to allow an
estimate of the effect of natural sources and sinks of
carbon dioxide within the Arctic, which contribute
to the annual tropospheric carbon dioxide-concentration fluctuation.

The Seas

We consider the seas surrounding the central pack
as a marginal ice zone dominated by porous, annual sea
ice and many lead systems. The extent of the winter
advance and summer retreat of the ice of these periph
eral seas (fig. 1) depends on meteorological and clima
tological factors.
The peripheral seas in general are more highly
undersaturated in carbon dioxide than those at more
southerly latitudes. Most notable of these is the
Barents Sea (fig. 3).
Based on observations made on the Eastwind cruise
of 1967 (Kelley 1970) and the YMER cruise of 1980,
(Gosink and Kelley 1981) the Barents Sea region
appears to have low (180-250 ppm) summer partial
pressures of carbon dioxide at the surface. The average
APC02 for that region is on the order o f -110 ppm.
Considering the general easterly circumpolar flow of
surface waters in that region, the phenomenon is
assumed to extend into the Laptev Sea.
The partial pressure of carbon dioxide in the
Barents Sea in the winter is largely unknown. However,
a recent opportunity was afforded to make PC02
observations in the Norwegion and southern Barents
Seas during the winter of 1983 (Gosink 1983). PC 02
in surface sea water varied 20 to 50 ppm below air.
There was no opportunity to make observations in the
northern region of the Barents Sea near the winter ice
edge. If the explanation for the principal cause of
those low partial pressures is the cooling of surface
waters as they are transported north, then it would be
expected that those waters would remain undersatu
rated in carbon dioxide with respect to air for a long
time if not throughout the remainder of the year, but
perhaps at a APC02 of only -20 to -40 ppm due to
organic decomposition and the lack of photosynthesis.
We consider observations in the waters of the Barents
Sea, especially during winter, to be essential, as this
region, including the Norwegian Sea, may be the
single, most-important, potential sink for atmospheric
carbon dioxide of all of the seas surrounding the Arctic
Ocean.

DISCUSSION
Anthropogenic Factors

At the present time, estimates of annual, tropo
spheric, anthropogenic, carbon dioxide input to the
atmosphere are about 2.6 x 1016 g of carbon dioxide.
Anthropogenic sources within the Arctic and the
adjacent subarctic regions, however, are virtually
inconsequential ( < 1 0 13g) with respect to carbon
dioxide. They are likely to remain so even with in
creased oil explorations and production activities.
Central Pack Ice

The central pack ice of the Arctic, except for the
leads and polynyas, apparently shields the troposphere
from high to very high partial pressures of carbon
dioxide in the ocean, particularly during the winter
period. The average APC02 (Kelley 1968) between
the water and air (water-air) was +42 ppm for a 3week period during the month of January near 78°N
and 175°W. The range of APC02 was +14 to +87 ppm.
Personal communications with chemical oceanogra
phers on the Canadian LOREX 79 Experiment near
the North Pole permit an estimate (Gosink and Kelley
1983) of the partial pressure of carbon dioxide (PC02 )
in the winter period at 475 ppm, or a APC02 of about
120 ppm, considering typical winter Arctic tropo
spheric burden of carbon dioxide at 345 ppm.
Summer data are always much more sparse and
difficult to obtain. However, based on YMER-80
(Gosink and Kelley 1981) and Soviet data (Lyakhin

Gases at the Sea Ice-Air-Snow Interfaces

Carbon dioxide, carbon monoxide, methane, and
nitrous oxide have all been observed to emanate
(Gosink et al. 1976) from the porous, annual, sea-ice
surface. All of these gases can usually be found over
the surface of annual sea ice in concentrations signifi
cantly greater than that of the ambient air. Air samples
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Figure 3. Equilibrium concentration of carbon dioxide and currents in the surface waters o f the Barents and Kara Seas (Eastwind
Cruise 1967).

withdrawn by syringe from beneath the snow cover
over sea ice were enriched in carbon dioxide if the
wind velocity were low or if the sample came from a
wind-protected area. This difference between the
subnivean concentration and air at 2 m ranged from 0
to 80 ppm.
Annual sea ice, which includes a high concentra
tion of brine, is composed of platelet boundaries and
brine-drainage channels (fig. 4). The platelets are
crystals of pure ice. Eide and Martin (1975) in 1975
described the size, frequency, and dendritic structure
of brine channels in sea ice and a pumping phenome
non that is most active in the lower portion of sea ice
at the sea-ice interface.
A consideration of the bubbles in sea ice is in
order to establish the porosity of sea ice and some of
its seasonal changes. The porosity of ice by definition
is not the same as permeability but has a bearing on it.
Porosity (Hemminsen 1959) is a measure of the total
volume of voids (liquid or gas filled) in the sea ice.
Permeability implies that there are connections be
tween the pore structures so that diffusion through the
matrix can occur.
Tsurikov (1975) has approached the question from
the point of view that gases such as nitrogen and
oxygen released from solution in sea water during the
freezing process and by photosynthesis during melt are

Figure 4. Sea ice at about -20°. Magnification lOx. Width o f
brine areas between ice platelets are on the order of 10"2 cm.
Note also the bubble and brine pockets and channels. (Photo
courtesy of Thomas Osterkamp).

mainly responsible for the porosity of sea ice. He lists
several mechanisms by which sea ice may gain its
porosity. In his observations of subarctic and lowlatitude sea ice of the White and Caspian Seas,
Tsurikov found that 15-20 per cent of the ice volume
was porous.

Bubbles are common in sea ice (fig. 4), but we have
yet to find any under pressure in annual sea ice. Bub
bles in tundra lake ice that we have worked with are
essentially all under pressure as are those in glacier ice.
The quantity of entrained gas bubbles in annual sea
ice also varies with season, age, and depth of the ice
sample.
A summary of results (Kelley and Gosink 1983)
for the recovery of gases in helium-flushed chambers
sealed to annual sea ice are shown in Figure 5. The
fact that the oxygen concentration in the ice-sealed,
helium-flushed chambers did not recover nearly as
rapidly as the carbon dioxide, proves that the gases are
being evolved from the sea-ice surface and are not
leaking around the edges. Full (100 per cent) recovery
to ambient conditions for carbon dioxide corresponds
to 340 ppm. In all cases (note fig. 5) oxygen recovery
lagged behind carbon dioxide recovery. The carbon
dioxide partial pressures in the brine in the sea-ice
matrix have been observed to be in excess of 440
ppm and as high as 1000 ppm. The brines are probably
depleted in 0 2 because of the high salt concentration
and because of the suspected low-level biological and
chemical-oxygen consumption within the relatively
warm sea-ice matrix.

in all cases were the ambient air temperatures. The
effect of the salinity difference is clearly demonstrated
by curve pairs (b) and (c). The ice for cases (b) and (c)
was, respectively, annual sea ice probably formed late
in the previous spring, and 1-2-year-old ice. It is un
certain if the difference between curve pair (a) and
pairs (b) and (c) is caused more by the temperature
than the salinity differences.
Based on experiments at -10 to -15°C, the rate at
which carbon dioxide was being released to the atm o
sphere from annual ice surfaces was 2-4 x 10’3 ml cm '2
hr"1. At -15 to -20°C, it apparently dropped to about
10"4 ml cm '2 h r'1.
Chambers containing ambient air rather than
helium sealed to the ice at ARLIS VII, showed carbon
dioxide levels of 351-362 ppm when sampled a few
hours later (4 and 24 hours). This suggests a transfer
rate compatible with the 10"4 ml cm '2 hr"1.
Contact of high P C 02 sea water under the ice
during the winter with porous annual sea ice should
lead to a net flow of carbon dioxide to the atm o
sphere. Resistance to exchange in this case is affected
by the sea ice rather than to the thin film exchange on
open water. A definite value for this ice-resistor effect
is unknown at this time, but must be related to the
reduced 1CT3 to 10"4 ml cm"2 hr"1 transfer rate. It is
this high PC 02 water rather than the brines in the sea
ice that is the probable cause of the continued outgassing of carbon dioxide from the annual sea ice to
the atmosphere. There appears to be insufficient
carbon dioxide in the small amount of brine trapped in
annual sea ice to maintain the observed winter-long
output of the carbon dioxide. The total area of annual
sea ice (Barry 1980) is on the order of 6.7 x 106
km2 . Based on the observed transfer rate, 50-520 MT
of carbon dioxide is probably being evolved from the
ice to the atmosphere over the winter depending on
the salinity and temperature of the ice.
The ambient air carbon dioxide concentration was
stable between 339-341 ppm. Samples of the subnivean air at ARLIS VII generally were about 350
ppm. The range was 337-374 ppm, with the samples
taken over multiseason ice being the lowest.
There are brief periods in early May when sea ice
begins to thaw when 2-liter, ice-sealed chambers cover
ing 200 cm2 of sea ice were enriched (10-20 ppm)
in carbon dioxide in a few minutes. The PC 02 of
winter sea-ice brine was on the order of 400-1000
ppm. We suggest that this is one of several possible
causes for the small, repeatable, atmospheric surge of
carbon dioxide before the rapid summer decline.
That is, multigrain boundary veins were opening up
with the onset of warmer weather, thus allowing for
a final burst of carbon dioxide to the atmosphere from
the brines before photosynthesis in the water re
versed the process.

Figure 5. Recovery of carbon dioxide and oxygen and heliumflushed chambers over sea ice as a function of time, salinity, and
temperature.

Curve pairs (a) denote experiments performed on
relatively warm (-10 to -15°C) saline (3-4°/°°) coastal
annual sea ice. In that case, the carbon dioxide con
centration exceeded ambient atmospheric concentra
tion levels (then about 340 ppm) and reached a plateau
of about 360 ppm within a few hours, while the 0 2
level continued its slow rise over the following 12
hours to only 60 per cent recovery when the experi
ment was terminated. Curve pairs (b) and (c) resulted
from experiments performed over less-saline ( l - 2 ° / o o ) ,
colder (-15 to -20° C), offshore ice at floating ice
station ARLIS VII (about 220 miles NNE of Point
Barrow, Alaska) during April 1978. The temperatures
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insignificant amount (7 MT) of carbon dioxide evolved
to the atmosphere over winter.
During the months of June and September, the
period of thaw and freeze, the concentration of land
surface-evolved gases is large and variable, at least in
the vicinity of Point Barrow. The region is dominated
by ponds and lakes with organic-rich sediment. Partial
pressures of carbon dioxide in these lakes average
about 115 ppm higher than that of the ambient
atmosphere (Coyne and Kelley 1974b). The ponds,
with warmer bottom sediment and smaller volume
dilution, had an average PC 02 of 357 ppm greater
than the ambient air. These lakes and ponds con
stitute 50-80 per cent of the tundra in the vicinity of
Barrow. During the International Biological Programme-Tundra Biome (IBP), Coyne and Kelley
(1974b) calculated an evasion rate of C 0 2 of 0.34 mg
cm’2 atm"1 min’1 (16.1 moles m"2 y '1 with an average
APC02 of 397 ppm). Using this evasion rate for tundra
lakes and ponds, with an estimated average gradient
between lakes and ponds of 300 ppm greater than
that of the atmosphere, and considering that 60 per
cent of the 0.6 x 106 km2 of tundra is involved, then
48 MT of carbon dioxide is estimated to evolve to the
atmosphere over the summer from that interface.
During the IBP-Tundra Biome program, Miller et
al. (1976) and Coyne and Kelly (1975) calculated from
seasonal observations that the vascular plants on the
wet tundra fixed about 400-770 g C 0 2 m"2 season’1,
with about 43 per cent of the carbon dioxide being
drawn from the atmosphere. During periods of low
photosynthesis, the hours around midnight, the soil
is a source of about 0.2 g C 0 2 m’2 hr’1. Therefore,
given the facts and estimates that wet tundra emits
more carbon dioxide than the plants can fix during a
portion of this time, i.e., Miller et al.’s (1976) source
rate for an estimated 8 hours a day over 90 days,
Coyne and Kelley’s (1975) vegetation carbon dioxidedepletion values, and considering that 40 per cent of
the tundra and 100 per cent of the taiga or boreal
vegetation are involved, then 179 MT of carbon
dioxide are added to the atmosphere from the soil
while the vascular and other plants remove 213-411
MT from the air. This figure is also in general agree
m ent with that estimated for tundra and alpine
ecosystems tabulated by Revelle and Munk (1977).
Based on a personal communication from Miller
et al. (1980), the effect of the tundra may be substan
tially larger. If this is so, the tundra’s influence on the
Arctic tropospheric carbon dioxide content may be
very significant.
Finally, there is the phenomena that the tundra is
known to outgas carbon dioxide (Coyne and Kelley
(1971) during freezing and thaw at the rate of 50090,000 1/hectare. The effect of this is to add yet
another 0.4 to 56 MT of carbon dioxide, depending on

A study by Canadian researchers (Jones and Corte
1981) on the oceanic carbon dioxide produced by
precipitation of calcium carbonate from brines in sea
ice describes carbon dioxide as being transported to
deeper water by the sinking of brines and may actually
play a major role in forming the winter-mixed layer as
well as contributing to the formation of bottom water.
Gases from the Tundra
Sources and sinks of carbon dioxide associated
with the land portion of the Arctic are relatively small
but fairly numerous. A large, net source of carbon
dioxide in the Arctic is the tundra with its bogs, ponds,
and lakes. High levels of methane and carbon m on
oxide as well as carbon dioxide are found at the
surface of the tundra and in the lakes and ponds of the
Arctic in the vicinity of Point Barrow. Reports (Kelley
et al. 1968, Coyne and Kelley 1974a) show the exis
tence of elevated levels of carbon dioxide under the
snow, particularly in the spring (fig. 6). The level of
carbon dioxide (Kelley et al. 1968, Coyne and Kelley
1974b) was inversely proportional to the wind speed

Figure 6. Snow depth and daily mean wind speed, soil tempera
ture, and carbon dioxide differential (between the snow at 25
cm above the soil surface and ambient air at 100 cm). The
carbon dioxide-concentration differential across the entire
snowpack equals approximately 1.4 times the carbon dioxide
differential shown.

(high wind velocity aspirates and replaces the carbon
dioxide-enriched subnivean air) and the highest levels
(over 2000 ppm at the ground surface for a few hours
over a few days) occurred in May. Similar subnivean
enrichment of carbon dioxide has also been observed
in samples taken in the subarctic environment of
Fairbanks, Alaska (65°N). Insufficient data are avail
able to calculate the evasion rate of carbon dioxide
from frozen tundra surfaces, but it is estimated to be
on the order of 10’4 ml cm’2 hr"1, or an almost45

soil type, to the Arctic troposphere over short periods
of time both at the beginning and end of the Arctic
winter. This small quantity alone could influence
concentrations of atmospheric carbon dioxide near
ground level by a few tenths of a ppm as suggested in a
recent article by Peterson et al. (1980) and Halter and
Peterson (1981). This phenomenon may contribute in
part to a surge in carbon dioxide concentrations
monitored in the near-surface atmosphere during late
spring.

a consequence of further increasing atmospheric
carbon dioxide concurrent with an efflux of other
gases and particulate m atter from other sources, there
may occur alterations in the polar environment of
considerable biological and economic consequence
within a shorter time span than expected. We certainly
do not want to endorse a crisis-management approach
to this problem. The list of “unknowns" is still very
long and not discrete but interactive. Therefore, it
seems to make good sense to conduct additional re
search, balancing a basic research program with wellmanaged and integrated baseline monitoring programs
which are coordinated with the efforts of other
nations.

CONCLUSIONS

In conclusion, the seasonal data base in the Arctic
is still inadequate or absent in some cases, primarily
because of very difficult logistics problems, especially
in working in the peripheral polar seas. This is espe
cially true during the winter and during the time of
freeze and thaw. In the Arctic, we do not know how
much, if any, carbon dioxide is removed, for example,
into the Eurasian basin by way of the dense waters
flowing from the northern Barents Sea, or into the
deep waters of the North Atlantic Ocean. Based on
present exchange-rate data and other available data the
Arctic, which is mostly an oceanic region, appears to
be a small sink for atmospheric carbon dioxide (about
2.8 per cent of the global anthropogenic input of
carbon dioxide to the troposphere).
The complexity of these interactions and the
imprecision which currently is associated with infor
mation on the various processes in the Arctic regions
make predictions of the effect of climate change on
the ocean, ice, land, and northern ecosystems based on
either simulations or more-subjective extrapolations
subject to wide errors. However, an objective of
future research for both polar regions should be to
develop better techniques to predict within an accept
able range of confidence the environmental conse
quence of a climatic change induced by increasing
atmospheric concentrations of carbon dioxide, as well
as the potential for serious impact by human activities.
However, we must be careful of what information is
digested by the models and to realize the limitations of
the input data as well as the model's limitations in
simulating interactive processes.
Though there are numerous effects on the Arctic
environment that may occur as a consequence of an
increase in carbon dioxide, there are also numerous
compensating factors in nature. However, any rapid
and persistent changes brought about by man may
prove to be overwhelming in the short term.
The rise in carbon dioxide observed so far is not to
be taken as a calamitous one. In fact, an increase in
carbon dioxide in the atmosphere may be beneficial to
the growth of vegetation. What is im portant is that as

EPILOGUE

Although it is unusual to present an epilogue to a
scientific paper, it would appear to be justified from
the point of view of historical perspective in the case
of this conference on the potential effects of carbon
dioxide-induced climatic change in Alaska. Long
before the International Geophysical Year (IGY), it
was recognized that atmospheric carbon dioxide may
be increasing, and that some effort should be directed
toward the systematic measurement of this gas in the
atmosphere and oceans. It was only during the IGY
that year-round monitoring sites were established at
the South Pole and at Mauna Loa, Hawaii, where
carbon dioxide was measured by means of infrared
analysis and as a further check on analytical integrity
through regular flask collections. The person respon
sible for the development of this program and the
analytical procedure was Dr. Charles Keeling of the
Scripps Institution of Oceanography. One unique
aspect of Dr. Keeling's program was the establishment
of a calibration program by which all future reference
gases could be traced through a common ancestry. This
forethought on the part of Dr. Keeling provided a vital
link to contemporary measurements of carbon dioxide
which are now numerous.
Dr. Keeling was also one of the first to regularly
sample the arctic atmosphere by means of air collected
from aircraft flying at high altitudes. In 1961, as a
direct result of his research another sampling program
was established through the Department of Meteo
rology, University of Washington, near Point Barrow,
Alaska, and operated continuously until 1967 except
for one year which followed the destruction of the
station by a storm in October 1963. Again, the
analytical procedure developed by Keeling was used as
were his reference gases. We at the University of Alaska
no longer conduct carbon dioxide baseline measure
ments at Barrow. The observations are now carried
out through NOAA'S GMCC program. Our interest at
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in the ocean and, what is perhaps more im portant, the
direct measurement of carbon dioxide exchange across
the sea surface by both laboratory and in situ inves
tigations. Dr. H ood’s interests in carbon dioxide over
the past decade or more continue in his investigation
of the dynamics of the exchange of carbon dioxide in
the highly productive regions of the Bering Sea Shelf.
Both Dr. Keeling and Dr. Hood have had a pro
found impact on our own research in the high northern
latitudes which is specifically acknowledged here.

the University of Alaska has not diminished but shifted
in emphasis to the exchange of this gas in various types
of Arctic environments including the sea. Although we
have long since abandoned infrared analysis in favor of
gas chromatography, we do continue to refer our
data to the Scripps reference standards.
Another person whose impact is still felt on studies
of the carbon dioxide problem in the Arctic is Dr.
Donald Hood whose early work was directed to
observations of the partial pressure of carbon dioxide
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Continental Shelf Carbon Export:
An Organic Sink of the Global Carbon Dioxide Cycle

C. Peter McRoy and John J. Walsh*

ABSTRACT
Due to nutrient limitation of primary productivity in the open sea, the marine biota
have not been considered significant components in the global cycle of C 0 2 . As a result,
in part, of our studies of the Bering Sea, we propose that a large amount of the C 0 2 fixed
by phytoplankton on the continental shelves each year during nutrient-unlimited photo
synthesis is deposited as detritus that subsequently accumulates on the adjacent continen
tal slope. Measurements of C metabolism, production, and exchange in food webs support
this proposal. The annual loss of organic matter from continental-shelf ecosystems is far
greater than that in the open ocean. If part of the loss of nearshore primary productivity
has increased in those coastal zones where anthropogenic inorganic nutrient supplies have
been consistently increasing since the industrial revolution, then burial and diagenesis of
this material on the continental slope could represent the ‘missing BMTs of C’ in the
global budget. Part of the nitrogen source for the original algal detritus might even be
manipulated to influence future C 0 2 increases o f the atmosphere.

INTRODUCTION

the global C cycle. We further speculate that part of
the N source for the original coastal algal detritus can
be manipulated to influence future C 0 2 increases in
the atmosphere.

The role of the marine biota as a C sink has been
thought insignificant in the global C 0 2 cycle because
of nutrient limitation of primary productivity in the
open ocean (Broecker et al. 1979). After considering
results of studies of the Bering Sea and other continen
tal shelves, we propose here that a large amount of the
C 0 2 fixed each year during nutrient-unlim ited photo
synthesis on theses shelves is apparently deposited as
algal detrital particles, with a C/N weight ratio of
about 5/1, on the adjacent continental slope. During
early diagenesis, nitrogen is returned to the water
column leaving the more refractory particles, with a
C/N weight ratio of about 10/1, in the sediment;
these particles can represent a major organic sink of

CARBON BUDGET FOR THE BERING SEA SHELF

The hypothesis of biological export of algal C from
the continental shelf to the continental slope as a sink
of the global C 0 2 cycle is a conclusion based in part on
a multidisciplinary team study of the Bering Sea (Goering and McRoy 1981) with additional data from the
New York Bight and other continental shelves. In
PROBES we developed a C budget for the Bering Sea
shelf that we present here as a general example for con
tinental shelves (Figure 1). Similar budgets have been
developed for shelves of the Gulf of Mexico, the MidAtlantic Bight, and Peru (Walsh, Rowe, Iverson, and
McRoy 1981; Walsh 1983).
Three fronts separate the waters overlying the
southeastern Bering Sea shelf into three distinct hydro

*C. Peter McRoy: Institute of Marine Science, University of
Alaska, Fairbanks, Alaska
John J. Walsh: Oceanographic Sciences Division, Brookhaven
National Laboratory, Upton, New York
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Figure 1. A carbon budget (gCm 2 y *) of yield to humans derived mainly from the shelf-break input o f nitrogen within the outer and
middle domains of the continental shelf of the Bering Sea (after Walsh et at. 1981a).

graphic domains: outer, middle and coastal (Figure 2).
Each domain has distinct temperature, salinity, and
stratification properties and each has different circula
tion features (Coachman et al. 1980). Fronts are re
gions of convergence in horizontal transport of water
properties in the direction normal to the front. On this
shelf, salt is essentially conserved in both time and
space and salinity can be used to describe the fronts
(Coachman and Walsh 1981). Other properties such as
temperature, nutrients, and biological materials like
chlorophyll frequently describe the fronts.
Closest to shore is the coastal domain which
extends seaward some 80 to 150 km to the region
of the 50-m isobath where a distinct front separates
it from the middle domain. The middle domain ex
tends from this boundary approximately 250 to 300
km to the vicinity of the 80- to 100-m isobath where
it is bounded by yet another front. The outer domain
is the most seaward and is separated from the open
Bering Sea by the shelf-break front occurring over the
region of the 170-m isobath, some 500 km from shore.
In the coastal domain there is a relatively strong
flow which runs eastward along the Alaska Peninsula,
and then northward around inner Bristol Bay and the
Yukon-Kuskokwim Delta; in effect it is a “river” at

Figure 2. Map o f the continental shelf o f the Bering Sea showing
the location o f domains and fronts (after Goering and McRoy
1981).

the edge of the sea (Kinder and Schumacher 1981). In
contrast, the outer and central shelf domains are
characterized by only very weak directional flow,
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a harvest that only takes the older age classes. For the
fish apex predator in the pelagic system of the outer
shelf (pollock), we have used a P/B of 1. These ratios
are based on fishery statistics that show that, although
pollock can live up to 15 years, some 70 per cent of
the catch are one-year-old fish; in contrast, the yellow
fin sole can also live to 15 years but 70 per cent of the
catch are 5 to 10 years old (Pereyra et al. 1976).
Phytoplankton production is the basis of the C
budgets and although there are several earlier studies
of primary production in the Bering Sea summarized
by McRoy and Goering (1976), these estimates are
now considered low compared to the more intensive
and extensive measurements made on PROBES cruises
in the past few years (Goering and Iverson, 1978). Pre
vious work underestimated the annual rate largely
because they missed the spring bloom, when produc
tivity can be sustained at 1.5 gCm"2 day"1. We con
sider the 200 gCm"2 yr"1 used in our budgets for both
the outer and central shelf domains to be reliable and
sufficiently confirmed by available data.
The C budgets give a possible yield to humans of
0.41 gCm"2 yr’1 for the pelagic food web of the outer
shelf and 0.42 gCm"2 yr"1 for the benthic food web of
the middle shelf. In both systems the yield is 0.2 per
cent of the annual primary production. This is a
preliminary version of the C model, and obviously the
estimated rates are approximate. As a general check on
the calculations, we compared the predicted yields
with the actual harvest of commercial species. In 1974
the commerical catch of pollock was 1.6 x 106 mt
(Pereyra et al. 1976). This catch was harvested from
the outer shelf domain, an area of 2.2 x 105 km 2, and
represents an actual yield (wet weight) of about 7.2 m t
km"2. The predicted yield is 7 mt km"2 which confirms
the general accuracy of the model. It also suggests a
highly efficient transfer of energy in the pelagic food
web of the outer shelf and, conversely, that only a small
amount of energy is transferred to the benthos or is
lost to export and burial. In the middle shelf domain,
much of the C in the phytoplankton is not consumed
in the water column due to the nature of a zooplank
ton community that is largely composed of small
animals that initiate reproduction after the spring
bloom; much of the phytoplankton sinks to the sea
floor to nourish a benthic food web or is buried or
exported. The commercial catch of king crab and
yellow fin sole, the major species, is concentrated in
about half, or 2 x 105 km 2, of the region and was 0.62
m t km2 in 1974. The predicted benthic yield is 0.75
m t km2, again indicating the general accuracy of the
model.
A major conclusion resulting from the construction
of a C budget for the Bering Sea shelf is that a signifi
cant proportion of the primary production can not be
accounted for in a food web. This conclusion is also a

creating in effect two “lakes” in the sea. This oceano
graphic structure sets the context for the ecological
nature of the shelf and has implications on all levels
of ecological processes (Iverson et al. 1979). It also
forms the spatial basis for our C model.
Because of the availability of data, we have con
fined our calculations to the outer and middle domains
of the shelf. We have assumed that the oceanographic
structure described for the southeastern shelf extends
across the Bering Sea. Although meager, there is some
evidence for this (Anderson 1963; and unpublished
data). The outer shelf domain covers about 22 per cent
(2.2 x 10s km2) and the middle domain about 41 per
cent (4.1 x 10s km2) of the total shelf area. In these
two regions, primary production is transferred to
higher trophic levels through two distinct pathways
(Niebauer et al. 1981). In the outer shelf, primary
production supports an essentially pelagic food web, a
suite of species that are grazers or predators in the
water column. The benthos is a relatively small pro
portion of the yield. The situation is reversed in the
middle shelf where most of the primary production is
not grazed but settles to the bottom where it nurtures
a rich benthos. This spatial distinction of pelagic and
benthic food webs is possible because of the broad
extent of the shelf allowing separation of oceano
graphic and ecological processes. The pattern is con
firmed by examination of the distribution and abun
dance of numerous shelf species whose feeding habits
are known. The pelagic, oceanic animals--ranging from
copepods and euphausiids to certain large whales, seals,
and birds--are confined to the outer shelf domain, the
realm of the pelagic food web (Iverson et al. 1979). In
the central shelf, the benthos reaches its greatest
abundance (Haflinger 1981) and it is in this region that
benthic predators congregate. Walrus are abundant
here and there are intensive fisheries for yellow fin sole
and king crab (Pereyra et al. 1976).
For C transfer we have assumed efficiencies of 20
per cent for zooplankton and the benthic meiofauna;
for all other components we have used a 10 per cent
efficiency. In addition, zooplankton are assumed to
have an assimilation efficiency of 60 per cent, so 40
per cent of the food consumed becomes fecal pellets
(Walsh 1981a). From preliminary grazing experiments,
zooplankton in the outer shelf domain consume about
1 gCm”2 day"1 or 100 per cent of the phytoplankton
production and in the central shelf domain they con
sume about 0.1 gCm"2 day"1 or 10 per cent of the
phytoplankton production (Cooney and Coyle 1982).
A few additional assumptions are necessary to deal
with the higher trophic levels where animal popula
tions can span several age classes. For the benthic in
vertebrate apex predators, macrofauna, and bottom
fish, we used a production-to-biom ass ratio (P/B) of
0.2. This is based on the longevity of the animals and
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The removal of land biota from undeveloped re
gions since 1750 could have been a source of C 0 2
to the atmosphere. Changing patterns of deforesta
tion mean, however, that a boreal terrestrial ecosystem
(Delcourt and Harris 1980) may now be a C 0 2 sink,
while the tropical forests may be a recent source
(Gentry and Lopez-Parodi 1980). How much ter
restrial C fluxes to the atmosphere or ocean is debat
able (Woodwell et al. 1978; Ralston 1979), but recent
estimates suggest a present land source of 1-2 x 109
tons C yr"1 (Table 2). Part of this C loss from land
could be stored in the intermediate form of both dis
solved organic carbon (DOC) and particulate detrital C
leached into riverine systems. River systems may re
lease as much as 0.8 x 109 DOC yr"1 to the shelf while
sediment accumulation of terrigenous particulate m at
ter (Walsh, Premuzic, and Whitledge 1981) within
estuarine systems has been estimated to be 0.2 x 109
tons C yr’1 (Deuser 1979). If the land is a source of
C 0 2, at least 1.55 x 109 tons C yr’1 could be ‘miss
ing’ in a steady-state global C budget (Table 2) which
includes fossil-fuel and land-source terms and such
sinks as atmospheric storage, DOC, estuarine sediment
and deep-ocean chemical. Such a budget ignores the
marine biota as a possible sink.

result of similar budgets constructed for the continen
tal shelves of the Gulf of Mexico, the M id-Atlantic
Bight and Peru (Walsh 1983). This algal-derived C
must be buried on the shelf or exported and on a
global basis it constitutes a marine detrital sink. In eval
uating the significance of this C sink we first consider
the unbalance in the global C budget.
UNBALANCED GLOBAL CARBON BUDGETS

Of the 5.2 x 109 tons C yr’1 now emitted from con
sumption of fossil fuel and cement production, about
half remains in the C pool of the atmosphere (Table 1;
Machta et al. 1977; Bolin 1977). The equilibrium be
tween the partial pressure of C 0 2 in the atmosphere
and that of the upper ocean is such that atmospheric
C 0 2 usually penetrates the upper mixed layer (^ 7 5 m)
of the sea. During the spring bloom in high latitudes,
for example, a prim ary-production rate of only 1-2
gCm"2 day"1 so far exceeds the atmospheric C 0 2
invasion rate that the upper 60 m becomes seasonally
depleted of total C 0 2 (Hood and Codispoti, this vol
ume). The photosynthetic and biogenic C aC 03 sinks in
world-wide surface waters cause the average total in
organic C concentration to increase with depth to a
maximum of ^ 1 5 0 0 m, where a C 0 2 source occurs
within the 0 2 minimum layer (Hoffert et al. 1981).
Because of this vertical gradient, it is not clear that
a significant fraction of the C 0 2 of the upper ocean
actually diffuses down across the main thermocline,
but surface C 0 2 reaches the deeper layers due to bottom -w ater formation at the polar boundaries. The
atmospheric C 0 2 which penetrates to the deep sea
(Broecker and Takahaski 1977), and that C 0 2 formed
by dissolution of the carbonate sediments beneath the
main lysocline at ^ 3 .7 km is stored as H C 03. In this
way ^ 3 7 per cent of the C 0 2 emitted from burning
fossil fuel, or ^ 2 .0 x 109 tons C y r '1 , can be seques
tered as H C 0 3 (Broecker et al. 1979). Such a polar ac
cumulation of C 0 2, however, is offset to some degree
by outgassing of C 0 2 at the air-sea interface in the
equatorial regions. W ithout consideration of any other
source terms of C 0 2 (Table 1) ^ 0 .6 5 x 109 tons C
yr’1 is still ‘missing’ from such a chemical global
budget.

Table 2: An unbalanced biological budget o f the global C 0 2
cycle (x 109 tons C yr’1)____________________________________

Fossil fuel emission
Equatorial outgassing
Volcanism

5.20
p
0.05

Sinks

Carbonate neutralization
Atmospheric storage

2.00
2.60

Missing carbon

Fossil fuel emission
Equatorial outgassing
Volcanism
Deforestation

5.20
?
0.05
2.00

Sinks

Atmospheric storage
Riverine release of DOC
Terrestrial sediment
Open-ocean detritus
Carbonate neutralization

2.60
0.80
0.20
0.10
2.00

Missing carbon

1.55

MARINE DETRITAL SINK

A marine primary production of ^ 2 6 x 109 tons
C yr"1 can be partitioned into 20 x 109 tons C yr 1
derived from the open ocean (^ 3 x 108 km2) and 6 x
109 tons C yr’1 from the continental shelves (v 3 x 107
km2) (Woodwell et al. 1978; Deuser 1979). Over 90
per cent of the photosynthetic uptake of C 0 2 in the
open ocean is grazed within the upper 100 m, however,
with most of the phytoplankton C and N recycled by
herbivores as C 0 2 from respiration and as ammonium
from excretion. Estimates of the daily N demand of
oceanic primary production suggest that at least 90 per
cent is met by the recycled ammonium (Eppley and
Petersen 1980). Those organic detrital particles, which
are not grazed and sink out of the euphotic zone

Table 1: An unbalanced chemical budget of the global C 0 2
cycle (x 109 tons C yr 1)
Sources

Sources

0.65
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obtained using net production/biomass ratios and
transfer efficiencies similar to those above (Mills and
Fournier 1979). However, this estimated production,
102 gCm'2 yr"1, did not include the spring bloom
which amounts to 40-50 per cent of the yearly pro
duction within the adjacent M id-Atlantic Bight. The
similarity between the cross-shelf nitrate flux and fish
yield of the Nova Scotian and Bering shelves suggests
that the annual primary production may be the same.
Using an estimate of primary production of at least
200 gCm"2 yr"1, we find a budget for the Nova Scotian
shelf could not account for 50 per cent of the annual
production. Furthermore, a phytoplankton cell falling
to the bottom of the Nova Scotian shelf might be en
trained in the subsurface offshore flow near the shelfbreak (Houghton et al. 1978); sediment chlorophyll
content to 800 m on the upper slope is, in fact, 30
times greater than on either the Nova Scotian shelf
or the lower slope (Mills and Fournier 1979).
Offshore flows of water also occur during upwell
ing off Peru and on estuarine-type shelves such as the
New York Bight and the Bering Sea, suggesting that
cross-shelf transport of biogenic particles is a ubiqui
tous phenomenon, perhaps intensified as a result of
winter storms. Deposition of organic C in shelf sedi
ments has been suggested as a sink in the global C cycle
(Deuser 1979; Mills and Fournier 1979), but most
recent shelves have sediments consisting of relict sands
with <0.5 per cent C content. However, surficial
sediments of the upper slopes, for example, off the US
east coast and the Gulf of Mexico, contain low C/N
ratios ('vS) with organic C concentrations >1 per cent,
implying marine origin (Walsh, Premuzic, and Whit
ledge 1981). After early diagenesis, the C/N ratio of
particulate m atter in these sediments increases to >10.
That is, for every 5 g of C and 1 g of N returned to the
slope water column, a maximum of 5 g C could be left
behind in the sediments. A C export of 3 x 109 tons C
yr’1 from the total shelf production could now be
deposited, with perhaps 1.5 x 109 tonsC yr 1 accumu
lated, within slope depocentres, constituting the sink
of missing C (Table 2) in the global C 0 2 budget.
Estimates of the annual detrital N export from some of
these shelves are balanced by independent budgets of
shelf N recycling and of the return flux of nitrate from
offshore and riverine sources (Walsh 1983).

('v 100 m) of the open ocean, amount to ^ 2 x 109
tons C y r '1 metabolized at depths down to 1000-2000
m where the C 0 2 produced is sequestered within the
bicarbonate cycle. Heterotrophic metabolism within
the 0 2 minimum layer poises the diffusion gradient
of total C 0 2 towards the surface, that is the diffusive
flux of C 0 2 should be towards the euphotic zone (Hoffert et al. 1981). Because C 0 2 returns to the euphotic
zone with the ‘new’ nitrate diffusing upwards to
support primary production, the importance of open
ocean organic detritus as a net sink for C 0 2 is probably
small. Of the minute amount ('v 1 per cent of the open
production) of particles that reach 4000-5000 m, a
fraction of this organic matter, with a C/N ration > 10,
is finally incorporated in bottom sediments of a similar
C/N ratio (Table 2; Honjo 1980).
Phythoplankton populations of the contintental
shelf, in contrast to those of the open ocean, do not
seem to be either N-limited or grazer-controlled for
parts of the year but rather light-limited as evidenced
by spatial and temporal outbreaks of algal blooms,
with C/N ratios —5, in coastal water (Walsh, Premuzic,
and Whitledge 1981; Walsh 1976; Yentsch et al. 1977).
In further contrast to the oligotrophic open ocean, esti
mates of N uptake by coastal phytoplankton suggest
that at least 50 per cent of the daily N demand of
photosynthesis is met in the form of nitrate off Peru,
western Mexico, California, in the Mid-Atlantic Bight,
in the Antarctic, and in the southeast Bering Sea
(Walsh, Premuzic, and Whitledge 1981). The major
sources of nitrate in these systems seem to be river run
off and cross-shelf exchange of subsurface slope water
onto the shelf.
After the decline of the Peruvian anchoveta fishery,
removal of fish by humans from each shelf amounts to
<1 per cent of the annual primary production (Walsh
1981b). Because nitrate supply is considered an esti
mate of available ‘new’ production, because fish yield
is not a significant particulate N loss, and because
plankton biomass is not continuously increasing on the
continental shelf, 'v 50 per cent of the ‘new’ primary
production should at times be exported from the shelf
water column each year as opposed to the < 1 0 per
cent loss derived from ‘new’ production of the openocean euphotic zone (Eppley and Petersen 1980).
Annual C budgets for the shelf food web supported
by riverine input of nitrogen in the Gulf of Mexico,
from shelf-break input within the Bering Sea (Figure
1) and the Peru upwelling ecosystem, and from the
more complex sources of N in the New York Bight, all
indicate that 50 per cent of the primary production is
apparently not consumed by shelf organisms at 20°,
30 , or 60° latitudes (Walsh, Rowe, Iverson, and
McRoy 1981).
A balanced budget of the C requirements of the
demersal food web on the Nova Scotian shelf was

ANTHROPOGENIC NUTRIENT SUPPLY

Most of the C 0 2 produced by burning fossil fuel
has been introduced into the atmosphere within the
past two decades (Machta et al. 1977; Bolin 1977);
before the 1950s most of the emitted C 0 2 was thought
to have been stored in the ocean (Revelle and Suess
1957). Presumably a transient in one or more of the
sinks of C 0 2 (Table 2) must have occurred in response
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to this increase of the fossil-fuel source. However, a
decline in temperate forest emission of C 0 2 from a
source of ^ 3 x 109 tons C yr"1 in 1850 to a net sink
after 1950 could have been partially balanced by the
increase in fossil-fuel emission. For example, ignoring
both marine photosynthesis as a sink and the land as a
source term, a budget of chemical storage of C 0 2 with
in the deep ocean from 1850 to 1950 may have over
estimated the initial C content of the preindustrial
atmosphere by 'vSO x 109 tons C (Stuiver 1978; Keel
ing 1978). In this case, at least 0.5 x 109 tons C yr"1
could have been lost to an unknown biotic sink with
out considering the changes in deforestation during
most of this century.
Other analyses of abiotic storage of C 0 2 in the
ocean by vertical mixing and/or polar sinking over the
past few decades neglect biological fixation of C in the
sea and cannot account for all the C 0 2 recently emit
ted by fossil fuel burning (Siegenthaler and Oeschger
1978; Broecker 1979). The open-ocean photosyn
thetic loss from the water is unlikely to have increased
as a result of either natural or anthropogenic nutrient
loading (Walsh 1976). Shelf ecosystems respond to sea
sonal nutrient enrichment, when light limitation
ceases, by formation of spring phytoplankton blooms,
which seem to be exported to the slope deposition
sites. During summer-stratified conditions of nitrogen
depletion, anthropogenic nutrient additon to surface
coastal waters would also increase the yield or export
from these ecosystems. Poor records of primary
production in the ocean on the decadal time scale
mean that it is difficult to demonstrate the eutrophication of coastal waters by direct observation. The
lack of change in nutrient content in midshelf waters
off New York, away from the influence of the Hudson
River over the past 25 years (Walsh et al. 1978), for
example, suggests that only coastal anthropogenic
sources of nutrients, not shelf-break sources, could
have reasonably changed in response to the industrial
revolution.
The location and discharge of the world’s 30 larg
est rivers further suggest that freshwater flux from ‘un
developed’ areas (^ 2 8 6 x 103 m 3 s’1 ) occurs which is

similar to those areas with a human population larger
by six times, that is, greater anthropogenic nitrogen
sources (Walsh, Rowe, Iverson, and McRoy 1981). If
we assume that half the world’s total river discharge
( ^ 4 x 1016 £ yr"1) has not yet been affected by de
forestation, sewage, and fertilizers in these undevel
oped countries and that the low nitrate contents of the
Amazon, Congo, Orincoco, and Niger Rivers « 1 0 fi
mole NOs £_1) are typical of these regions, nitrate
input to the shelves from such drainage systems is
'v O J x 1013 g N 0 3-N yr"1. If we also assume that the
other half of the world’s river discharge now has at
least 60 11 mole N 0 3 fi"1 due to population distribution
and the industrial revolution, the annual nitrate input
from terrestrial ecosystems in developed areas would
be 'v 1.7 x 1013 g N 0 3 -N yr"1.
A present input of 2.0 x 1013 g N 0 3-N yr"1 from
river runoff would be at least treble that estimated
more than 25 years ago (from data taken more than 50
years ago, Emery et al. 1955). Using a similar unrevised
estimate of 0.8 x 1013 g N 0 3-N yr’1 in river runoff,
it has been suggested (Garrels et al. 1976) that only
'vlO per cent of the nitrogen fertilizers previously
applied to fields had yet to be released from the soil
to streams by 1970. In terms of a seasonal range, the
inorganic N content of rural land runoff in Ohio
varies during the year from 'vlO to 600 jjl mole N JT1
as reflected in the monthly nitrate content of the
downstream Mississippi River (Walsh, Rowe, Iverson,
and McRoy 1981). The long-term trend of this and
the time series for the Altamaha River over the past
25 years, however, suggests that N 0 3 concentrations of
these rivers has doubled within the past decade. If
mobilization of N from soil pools is now increasing,
we would expect future increases of primary pro
duction in the coastal zone and greater export of this C
to the slope. This suggests that anthropogenic nutrients
could be manipulated to influence future C 0 2 changes
in the atmosphere. The fate of river nutrients in the
waters of continental shelves is the central focus of our
newly proposed interdisciplinary, multiinstitutional
study of the Bering-Chukchi Seas and the North Sea. O
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SECTION III:
EFFECTS
OF
CARBON DIOXIDE AND CLIMATIC CHANGE

Weather

Possible Effects of a Global Warming
On Arctic Sea Ice, Precipitation, and Carbon Balance

William W. Kellogg*

ABSTRACT
A general warming from increasing C 0 2 will be felt most strongly in the Arctic, and
climate model experiments as well as the record o f past climate changes suggest that the
temperature rise there will be roughly three times larger than the global average. This
implies a variety of important changes, including increased precipitation in most of
Alaska, disappearance of Arctic Ocean sea ice in summer (after a rise o f 4° to 5°C in
mean summertime temperature), and a gradual retreat of permafrost. The latter will not
only influence Arctic vegetation but will have an influence on the C 0 2 balance of the
entire atmosphere—a feedback mechanism that could be positive or negative, thereby
affecting the rate of the global climate change.

INTRODUCTION

We would not be attending this conference unless
we all understood, at least in a general way, that the
C 0 2 we are adding to the atmosphere from fossil-fuel
burning will continue to warm the earth. Even if we go
on burning fossil fuels at a more slowly accelerating
rate, the “greenhouse effect” should result in an ap
preciable warming in the decades ahead, and it is
im portant that we understand the time scale involved
for this climate change—a time scale set by mankind
as well as nature.
In Figure 1, I have combined two estimates of the
future rate of burning of fossil fuels with our best
estimate of the warming that will ensue. For the “high
case,” I assume that we will be continuing to increase
our consumption of fossil fuels at around 4 per cent
per year, which is almost certainly too high. For the
“low case,” I am assuming that in fifty years we will
have ceased increasing the consumption and will be
back to the 1980 consumption rate. This is probably
too low. For a further discussion of this matter, see
Kellogg (1979) and Kellogg and Schware (1981).

YEA R

Figure 1: Past and future changes of global and Arctic mean
surface temperature. The solid line shows the past deviations
from the 100-year mean, and the dashed line shows what it
might have been without the addition of C 0 2. The crosshatched area shows the approximate range within which the
global mean temperature has varied during the past 1000 years
or more. See text for an explanation of the estimation of future
trends. (From Kellogg 1979)

If we combine these two scenarios of fossil-fuel
burning with the current estimate that the average
rise of temperature associated with a doubling of the
pre-1900 concentration of C 0 2 will be about 3°C,

*William W. Kellogg: National Center for Atmospheric Research,
Boulder, Colorado

59

In the early 1970s, Budyko (1974), then the direc
tor of the Main Geophysical Observatory in Leningrad,
made a rather simple, back-of-the-envelope calcula
tion and concluded that as little as a 4°C rise in the
summertime temperature could eliminate the ice pack
from the Arctic Ocean. He surmised that once it was
eliminated it would not return.
Several years later, this calculation was checked
with a very much more sophisticated model of the
ice pack developed by Parkinson and Washington
(1979) and utilized in an experiment in which the
boundary conditions corresponding to a warmer earth
were introduced (Parkinson and Kellogg 1979). This
model was based to some extent on the heat-balance
equations of Maykut and Untersteiner (1971), but
Parkinson improved the realism of the model by cal
culating upwards and downwards heat flux between
the surface and the atmosphere in more detail, even
taking cloud cover into account, and she added another
very important factor: the drift of the ice pack under
the influence of winds. The results of this simulation
with her model can be briefly summarized as follows:
• A 5°C mean air temperature warming eliminated
the ice pack in summer, but it returned to cover
the entire ocean in winter.
• A 6°C warming in summer together with a 9°C
warming in winter (as predicted by Manabe and
Wetherald, 1975, for a doubling of C 0 2) still
resulted in some return of pack ice in winter.
• The last experiment increased the heat flux from
the ocean by a factor of ten above that which
exists now, together with the same atmospheric
conditions corresponding to an Arctic with
doubled C 0 2. By raising the heat flux this much,
we were simulating the disappearance of the
upper, stable, low-salinity layers that exist in
the Arctic now (Aagaard and Coachman 1975)
and adopting the approximate heat flux of the
upper layers of the Southern Ocean. Even with
that additional warming, the ice returned for
a short time in the middle of winter.
Subsequent to this experiment, Manabe and
Stouffer (1979) ran an experiment with a climate
model which included an interactive ice pack; this
model responded to a doubling of C 0 2 very much the
same way as the Parkinson model did—though they
did not pursue the question of a possible increase of
heat flux from the ocean.
In summary, then, what we can say about the
Arctic Ocean ice pack is that theory (models) tells us
that the Arctic Ocean will become ice—free in summer
with a relatively modest warming, one that could occur
very early in the next century, according to Figure 1.
The Arctic Ocean has apparently not been ice free for
about 3 million years. This change will clearly in
fluence the climate of the entire Arctic Basin, since it

then we can draw the dotted lines shown in Figure 1.
All our climate models as well as experience with the
real atmosphere indicate that the temperature change
in the Arctic will be two or three times larger than the
worldwide average (Manabe and Wetherald 1975,
1980), as indicated in the upper curves in Figure 1.
It can be seen that by the year 2000 the average
global surface temperature could be warmer than at
any time in the past 1000 years or more, since it
rises above the shaded zone indicating the range of
temperatures in the past 1000 years or m ore—a period
that included the so-called Little Ice Age and the
Medieval Warm Period. In the first half of the next
century, it could very well become warmer than at
any time in the past 4000 years. Those are general
statements that can be made, based on a guess about
future use of fossil fuels and the assumption that no
very drastic event will occur in the period to change
the climate, such as a series of very large volcanic
eruptions—or a nuclear war.
However, such broad generalities are not very use
ful in considering probable impacts of climate change,
and appropriate causes of action. This conference is
devoted to climate change in Alaska, so I propose to
talk about the picture that we have of the future
climate of this state and of the Arctic generally.
Actually, our tools for predicting what regional
changes will take place are rather dull, and the crystal
ball that we have to look at is very foggy as there are
still some grave gaps in our knowledge.
This scenario of the future has three parts. First is
the possible behavior of the pack ice in the Arctic
Ocean and that an open Arctic Ocean may influence
the climate of the entire Arctic. Second is the subject
of rainfall and snowfall and how it may change in
Alaska as the climate becomes warmer. Finally is the
fact that the Arctic may be the seat of a very inter
esting set of feedback mechanisms that could add still
more C 0 2 to the atmosphere and thereby accelerate
the greenhouse warming.
ARCTIC OCEAN ICEPACK

The vision of an Arctic Ocean free of its layer of
floating ice has intrigued climatologists for more than
a decade. That ocean has probably been ice-covered,
for the most part, since the beginning of the Pliocene
some 3 million years ago (Kennett 1977, Herman
and Hopkins 1980). This statement is based largely on
the fact that microorganisms that can live in an icefree ocean are virtually absent in ocean-bottom
cores less than 3 million years old. Furthermore,
evidence from the surrounding land areas show that it
was generally much warmer prior to that time, and
forests extended right down to the shores of the
ancient Arctic Ocean (Flohn 1979).
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will provide more water vapor to the atmosphere the
year round and will moderate the winter temperatures
(Fletcher et al. 1973,Newson 1973). Now that our
climate models are becoming more refined, the picture
of the climate of the Arctic Basin with an open ocean
in the middle could be greatly refined.
FUTURE PRECIPITATION CHANGES IN ALASKA

There are at least three useful ways to obtain infor
mation about how patterns of precipitation might
shift as the earth becomes warmer due to increasing
C 0 2. Clearly, we would like to know about these
future patterns, since it is precipitation as much as
(or even more than) temperature that determines
where things can grow (see Kellogg and Schware 1981,
their Appendix C).
The first approach to this m atter can be the recon
struction of the patterns of precipitation (or more
properly, soil moisture) during the warm period
between roughly 4000 and 8000 BC, known as the
Altithermal or Hypsithermal Period. These patterns
can be reconstructed by paleoclimatologists from pat
terns of vegetation determined from studies of cores
taken from lakes and peat bogs and from evidence on
the fluctuations of treelines.
The second approach can be an analysis of anoma
lously warm years during the recent period when
meteorological observations were adequate to describe
hemispheric temperature and rainfall patterns. While
this method can give us fairly detailed patterns, it suf
fers from the fact that individual years may not be
representative of a prolonged warm period.
The third approach to determining precipitation
patterns on a warmer earth is obviously to use climate
models that include an adequate hydrologic cycle.

tween about 10,000 and 8,000 BP. The sources o f this informa
tion are included in the Bibliography o f Arctic Paleoclimatology
at the end o f this chapter.

Reconstruction o f the Altithermal Period

The first step in this investigation was to search
the paleoclimatic literature, with the invaluable help
of a librarian with a background in geology. A large
number of references were unearthed that related to
past climates of Alaska and northern Canada. These
were organized onto maps that covered the postglacial
period, the early Altithermal, the late Altithermal, and
the post-Altitherm al period. This enormous quantity
of information has been summarized in Figures 2, 3 ,4 ,
and 5; and Figure 6 is a somewhat subjective summary
of the tendencies for wetness or dryness that seemed
to accompany warmer periods in the past. (The main
references used, mostly those containing reports of
original field work, are summarized at the end in a
separate bibliography.)
The picture that one obtains from this series of
reconstructions is somewhat confusing. Clearly, dif-

Figure 3: Same as Figure 2, for the Early-Altithermal (warm)
Period, between about 8,000 and 480 0 BP.

ferent parts of Alaska and Canada were influenced
in different ways by past changes in global temper
ature. This should probably not be surprising, since
patterns of rainfall and snowfall are determined by
the large-scale circulations and the flow of moist or
dry air masses into a region. To really understand these
patterns, therefore, one would have to reconstruct-the
flow patterns, and this would involve a great deal of
guesswork. One can conclude from this exercise that
the southern part of Alaska and northern Canada may
become wetter, whereas the central part of Alaska and
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Figure 4: Same as Figure 2, for the Late-Altithermal (warm but
cooling) Period, between about 4800 and 3500 BP.

Figure 6: A summary of the paleoclimatic changes indicated in
the previous four maps in terms o f tendences for “wetness”
or “dryness” during generally warmer (or warming) periods.
The reverse is assumed to be true for colder (or cooling) periods.

The results of the Jager analysis showed that
Alaska was wetter during the ten warmest winters and
springs, but in summer and autumn there was a tend
ency for the central part of Alaska to be drier.
In order to obtain a picture of the anomalies when
there were at least five successive warm or cold years,
she took the differences between the five successive
warmest and five successive coldest years. The result of
this analysis was very similar to the one already de
scribed, in that the warmer periods had more precipita
tion generally throughout Alaska than the cold periods,
a tendency that was especially marked in winter and
spring.

Experiments with Climate Models

Figure 5: Same as Figure 2, for the Post-Altithermal (present)
Period, after about 4000 or 3500 PB.

A number of experiments have been carried out by
the Geophysical Fluid Dynamics Laboratory (GFDL)
of NOAA at Princeton with climate models that in
cluded a reasonably complete hydrologic cycle. An ex
cellent summary of these experiments, emphasizing
soil moisture (the differences between precipitation
and evaporation) has recently been published by Man
abe, Wetherald, and Stouffer (1981). Figures 7 and 8
suggest that during the winter and spring the soil mois
ture in Alaska is greater in the case with quadrupled
C 0 2 than in the control case; but the reverse is true
during the summer—Alaska seems to be generally drier
in summer on the warmer earth. There is not enough
resolution in their model to make a distinction be
tween the central part of Alaska and the coastal areas.

the southeastern “Panhandle” may become somewhat
drier as the earth warms up.
Anomalously Warm Years or Seasons

Turning to the picture obtained by studying
anomalously warm years or seasons, I shall draw on
the study of Jill Williams Jager, work which she
carried on while visiting NCAR in the summer of
1981, and which is an extension of her previous
study (Williams 1980). The details are contained
in a separate paper (Jager and Kellogg 1983), so I will
not go into the results at length here.
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Summary of Future Precipitation Indicators

As we have pointed out, the picture of where
Alaska will be wetter and where drier as the earth be
comes warmer is somewhat complex, and our crystal
ball, as we have said, is foggy. Indications seem to
point, however, to a general increase in soil moisture
in the winter and spring, but during the summer the
central part of Alaska may become drier, as may also
the west coast along the Bering Sea. This indication of
a summertime drying is borne out by the high negative
correlations at Fairbanks obtained by S. A. Bowling
(Geophysical Institute, Unversity of Alaska-Fairbanks,
personal communication) between summertime tem
perature and precipitation.
Thus, if we were going to guess where agriculture
would prosper from the combination of both longer
growing season and increased precipitation, it would
seem to be in the southern part of Alaska. The central
part would enjoy the longer growing seasons; and grain
crops might benefit from less precipitation during the
period of ripening and harvest. In general, the pros
pects for Alaskan agriculture seem favorable.
Figure 7: Geographical distribution of the difference of soil
moisture (cm) between the model run with four times present
C 0 2 and the standard experiment run with present concentra
tion of C 0 2. The upper map refers to the spring season (MarchApriTMay), and the lower map to the summer season (JuneJuly-August). This is a climate model with a spectral GCM
retaining 21 zonal wave numbers and a mixed layer (noncirculat
ing) ocean. Stippled areas are drier in the perturbed case, as is
the case for most of the northern continents in summer. (From
Manabe et al. 1981)

CARBON DIOXIDE AND THE TUNDRA/TAIGA

The final part of this paper will be concerned with
the possibility that a climate change will have a pro
nounced influence on the biomass of the Arctic, and
that this will in turn influence the role of the Arctic
as a source or sink for C 0 2.
This whole discussion can be greatly simplified by
referring to Figure 9. This is an extension of the feedback-loop approach that I introduced at the 24th
Alaska Science Conference held in Fairbanks in August,
1973 (Kellogg 1975). The assumption is that a number
of elements of the climate system can be linked to
gether by a succession of processes, and each process
may result in either a positive or negative effect on the
next element. As we go around the loop, we can see
how many negative processes there are, and if there is
an odd number of negatives the net effect of the
feedback loop will also be negative. A negative feed
back loop tends to damp out a perturbation (or cause
the loop to oscillate, which in this case is unlikely),
and a positive feedback loop amplifies a small pertur
bation.
The loop in question concerns the effect of an in
creasing temperature on the tundra and taiga of the
Arctic (Kellogg 1982). As indicated, if the tundra and
taiga grow due to the increased temperature and longer
growing season, this will take C 0 2 out of the atmo
sphere and incorporate it into additional biomass. If,
on the other hand, the material in the surface is dried
out and oxidizes or decays, this will add C 0 2 to the
atmosphere. The result of the first would be a nega-
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Figure 8: Zonally averaged differences in soil moisture (per cent)
between the four-tim es-present-C 02 case and the standard case,
presented as a function of latitude and season. As in Figure 7,
stippled areas are drier in the perturbed case, (From Manabe et
al. 1981)
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Methane is an infrared-absorbing gas like C 0 2, and
will therefore contribute to the greenhouse effect.
This part of the feedback loop is definitely a positive
one.
Though we cannot yet draw definite conclusions
about the effect of a warming on the Arctic biomass,
even a relatively small yearly conversion of this mass to
C 0 2 could constitute an im portant source since it
is estimated to contain over 200 gigatons of C, or 10 to
20 per cent of the global biomass. This at least should
be investigated further in view of the possibility of its
accelerating the climate change as it takes place.
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As we have seen, the Arctic may be the seat of
some very im portant changes in the decades ahead as
the warming due to increasing C 0 2 becomes significant.
Not only is the Arctic sensitive to climate change, but
the changes that may occur there will have a profound
influence on the rest of the climate system (Polar
Group 1980).
It is tempting to look upon the transition to a
warmer Arctic with happy anticipation, since the im
mediate effect of a longer growing season will be to
allow Alaska to increase its agricultural potential.
However, the warming may not be an unmitigated bless
ing. Among the problems to be faced will be the pro
gressive melting of permafrost, thereby causing slump
ing, slipping, and damage to installations that are now
sitting on it. (See companion paper in these proceed
ings by Goodwin, Brown, and Outcalt.) Another pos
sible disadvantage of the warming could be the effect
on both inland and coastal fisheries, where the present
cold water and the upwelling provide nutrients to fish;
a warming will tend to inhibit the upwelling of the
coastal water as well as provide less dissolved O for
marine life.
The purpose of the conference is largely to call
attention to just such problems so that they can be
studied more carefully in the future. A first step in
any research process is invariably to define the prob
lem, and this we have tried to do here. O
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Figure 9: A biogeophysical feedback loop involving atmospheric
CO2, temperature, and growth or decay of the tundra/taiga bio
mass. In this kind of presentation the overall effect of the
feedback loop is positive (amplifying a small change) when
there is an even number of negative linkages between the various
elements. At the bottom is a sketch suggesting the various
factors involved. (From Kellogg 1982)

tive net feedback, and the result of the second would
be a positive feedback that would accelerate the build
up of C 0 2 and the consequent warming.
There have been many discussions of just what will
happen to the tundra and taiga as the growing season
becomes longer and there is a possible increase in mois
ture available in the winter and spring, and it seems at
this time to be unresolved as to which will happen. Of
course, there may very well be places where the effects
will be opposite.
Another aspect of this situation is that there is a
great deal of CH4 trapped in tundra, and a warming
and drying out of the surface layers could release this
CH4 to the atmosphere (Jason 1980, Bell 1982).
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The Variability of
The Present Climate of Interior Alaska

Sue Ann Bowling*

ABSTRACT
Any discussion o f the possible effects of a climatic change should start with consider
ation of short-term variations in the historical climate. The Fairbanks climatic record is
over 70 years long (with several changes in exact location) and while the location of data
collection has changed, making the record of questionable value for determination of
long-term trends, it still contains a great deal o f usable information. For example, the
year-to-year variability of monthly mean temperature is so much greater in winter than
in summer that winter temperatures overwhelmingly dominate the yearly means. Conse
quently, activities which depend primarily on summer temperatures and precipitation,
such as agriculture, may show very little dependence on annual mean temperature.
Monthly and seasonal running means of temperature and precipitation will be presented,
and their interrelationship and consequences will be discussed.

lower temperatures higher in the atmosphere. The
effect on ground temperature would be greatest when
skies were clear. The most noticeable result would be
a weakening of the ground inversion leading to slightly
warmer temperatures, possibly more winds, and better
dispersion in low lying areas in winter and at night.
Since snow and ice effectively absorb energy in the
C 0 2 bands, snowmelt and ice puddling in spring would
be slightly accelerated. This in turn would have a feed
back effect in that reduced albedo would allow greater
absorption of solar radiation. During summer days, an
increase in the net radiation at the ground could lead
to greater convective activity with the possibility of
more intense thunderstorms than are presently com
mon.
The production of high-latitude continental air
masses in Siberia (or occasionally in Canada) follows
the same pattern as above, although in this case it is
necessary to remember that the air being transported
into Alaska is not that which has been in recent
direct contact with the ground, but is, rather, air from
higher elevations. Thus continental areas will produce
warmer air in summer, but any change in winter is

The climate of Alaska is determined by the inter
action of at least three processes, all of which will be
affected by an increase in the C 0 2 content of the atm o
sphere. These processes are: (1) local modification of
air masses due to changes in energy balance; (2) for
mation of separate and distinct air masses characteristic
of areas such as the North Pacific, the Arctic Ocean,
and Siberia; and (3) the large-scale circulation of the
atmosphere, which determines both the source area
for air brought into Alaska and the dynamic processes
affecting it within the state. It is the third category
which dominates year-to-year variability in climate
and which will occupy much of our attention here, but
the effects of a C 0 2 increase on the first two processes
will be outlined first.
Carbon dioxide has a direct and immediate impact
on local radiative processes. The result is higher tem
peratures at the ground and in that portion of the air
directly affected by mixing from the ground, and

*Sue Ann Bowling: Assistant Professor, Geophysics, Geophys
ical Institute, University of Alaska, Fairbanks.
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on either side of the mean. Note the far greater vari
ability of temperature in winter than in summer:
a result of the much larger contrasts between the air
mass temperatures of different areas in winter. On the
basis of this figure we would expect winter means to
control the mean annual temperature, and this is
indeed the case. Mean annual temperatures may in fact
have very little significance for plant growth, tree line
changes, and similar biological responses. An out
standing example is 1981. Although the growing sea
son was cold, the year as a whole had a mean temper
ature of 0°C—the second warmest in the entire record
—thanks to record temperatures in January and March.
This dominance by winter temperatures is brought out
again in Figure 2, which gives the entire record in 10year running means.

likely to be smaller and could even be in the direction
of cooling if subsidence is strong. The combination
with reduced local radiative cooling, however, would
still lead to warmer temperatures in Alaska.
Fully marine air masses should be warmer and wet
ter year round, with possible local exceptions due to
minor changes in current paths. Changes in Arctic
Ocean air masses would be strongly dependent on the
state of Arctic sea ice. An increase in open water in
winter could have overwhelming effects on the tem 
perature and moisture content of Arctic air. In summer
the difference between a puddled ice cover and 0°C
open water would be negligible, however.
The contrasts in temperature and moisture charac
teristics of these source areas, however, are what over
whelmingly control day-to-day and year-to-year
variations in weather and climate, via differences in the
large-scale flow of the atmosphere. As this flow is con
trolled and driven by horizontal and vertical gradients
in the energy balance of the earth-atm osphere system,
and C 0 2 will affect these gradients, we can expect
changes in the frequencies of different weather types.
As this type of change is the hardest to predict, the re
mainder of this presentation will focus on the changes
which have been observed over the last 75 years at
Fairbanks, and the relationship (if any) to changes in
the mean Arctic temperature during this period.
One warning is in order at this point: the Fairbanks
record is not homogeneous. Major site changes occurred in 1929, 1942, 1943, and 1951. Consequently, the
sequence is not suited for study of changes of mean
temperatures across the entire time interval. Times of
site changes are marked on most of the running means.
The starting point for consideration of climatic
change is the long-term mean. Figure 1 shows the
recorded monthly mean temperatures for Fairbanks,
with the dashed lines giving one standard deviation
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Figure 2: Summer half-year, winter half-year and annual tem
peratures at Fairbanks, expressed in 10-year binomially weighted
running means (see Appendix 1). Summer (April-September)
is defined as the season when precipitation is primarily liquid
or suffers a rapid phase change to liquid; Winter (Jan-March
and O ct-Dec) is defined as the season when precipitation is
primarily solid or suffers a rapid phase change to solid.

For many purposes, precipitation is as im portant
if not more so than temperature. The annual march of
precipitation is shown in Figure 3, again flanked by
standard deviations. As precipitation in no way follows
a normal distribution, record maximum and minimum

Figure 1: Long-term monthly mean temperatures and their
standard deviations at Fairbanks, Alaska.
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one way of estimating the type of effects expected in
Alaska is to compare the Alaskan record with the
available Arctic record. Climate M onitor has recently
published yearly and weighted running means for each
of the four seasons for stations between 65°N and
85°N (Kelley and Jones 1981a, b, c, and d). Figure 5
shows their December through February values (plot
ted for each year in January) and Figure 6 shows the
Fairbanks values for December through February
°c
1966 1919 1919 1913 1915 1966 1927 1957 1918 1914 1953 1969 1966
1937 1921
1968 1936
1939

!H s

year

Figure 3: Long-term monthly precipitation and its standard
deviation at Fairbanks, Alaska.

values are shown as well. For two months, January and
April, the record maxima are over twice as large as the
next largest values, and for these months the second
largest values are also shown. Single-season control is
less obvious here, although spring values of both pre
cipitation and variability are extremely low. Again,
annual totals may be of little value for agriculture,
especially if soil is very dry during sowing in May. Halfyear and annual weighted running means for precipit
ation are shown in Figure 4. Variability in summer and
winter half-years is similar, although the summer
half-year accounts for about two thirds of the total
amount.
As the most generally agreed-upon effect of C 0 2 induced warming is a rise in high-latitude temperatures,

YEAR

Figure 5: Arctic mean temperatures, D ec-Feb, plotted for each
year in January. Annual and binomially weighted 9-year run
ning means, (source - Kelley and Jones, 1981a).

YEAR

Figure 4: Summer half-year, winter half-year and annual pre
cipitation totals at Fairbanks, Alaska, 10-year binomially
weighted running means.

Figure 6: Fairbanks mean D ec-Feb temperatures, plotted for
year in December. Dots annual, line 9-year running mean
Fairbanks.
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(plotted for each year in December) with the same
weighted 9 -point running mean. The Arctic record
shows low temperatures until 1919, followed by a
sharp rise from 1920 to 1930 and generally high values
through about 1945, with intermediate values through
the present. The Fairbanks running means show very
little evidence for such a pattern. However, the enve
lope of the Fairbanks data points appears to show a
slow increase from the beginning of the record through
1930 which may correspond in part to the rise in the
Arctic record. The running mean appears to be control
led primarily by the relative frequency of warm and
cold years, which in turn is controlled by circulation.
In order to explore the difference between warm
and cold winters, day-by-day temperatures were plot
ted for two extreme years in the early 1930s. Fairly
typical of a warm winter is that of 1930-31 (Figure 7)
in that the variability is relatively small. The maximum
MONTH

Figure 8 : Fairbanks daily maximum and minimum tempera
tures, winter of 1933-34. Numbers give the monthly mean tem
perature anomaly in degrees Celsius.

Precipitation for December through February
(Figure 9) shows even less of a coherent pattern,
though there is some tendency for values over 100 mm
to be confined to the period prior to 1940, while val
ues between 70 and 100 mm are commoner after that

m onth

Figure 7: Fairbanks daily maximum and minimum temperatures,
winter of 1930-1931. Numbers give the monthly mean tempera
ture anomalies in degrees Celsius.

temperatures observed in the course of the winter are
only slightly greater than those in 1933-34 (Figure 8).
The colder winter is characterized by violent oscil
lations in temperatures, the most extreme being the
55°C drop between January 8 and 14, the latter date
having the all-time record minimum of-54.4°C (-66°F).
This type of record is common, though not universal,
in cold winters. Note that both these winters occurred
during a period with mean Arctic winter temperatures
warmer than those of the 1970s.

YEA R

Figure 9: Fairbanks winter precipitation (Dec-Feb, plotted for
each year in December). Points are single-season totals, line is
binomially weighted 9-year running mean.
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ation in Figures 11 and 12, respectively. Running
means in the Fairbanks records are again controlled
primarily by the frequency of different types of
springs. The temperature peak around 1940 and the
dip in the early ’60s are similar, but the main point of
interest is the lack of year-to-year variability at Fair
banks during the Arctic warm period in the '40s and

date. Again, the running mean is controlled primarily
by the frequency of wet and dry years.
Comparison of the running means for precipitation
and temperature shows a tendency for warmth and
moisture to occur together prior to about 1930, while
warmth is associated with dryness after that time.
The latter effect was examined by Bowling (1977) and
was found to be due to a tendency for winter months
with excessive precipitation to be followed by excep
tionally cold months (Table 1). Intram onthly correla
tions between temperature and precipitation are neg
ligible for December and February and positive (.31)
in January. There is also a tendency for both precipit
ation and temperature anomalies to persist from
m onth to month as can be seen in Table 2.
Arctic spring-temperature anomalies are shown in
Figure 10, with Fairbanks temperature and precipit-

YEAR

Figure 10: Arctic mean temperatures, March-May, annual and
binomially weighted 9-year running means. From Kelley and
Jones, 1981b.

Figure 11: Fairbanks mean March-May temperatures. Dots
annual values, line binomially weighted 9-year running means.

Table 1: Correlation coefficients between precipitation anomalies and temperatures at Fairbanks, 1 9 06-1980. With 73 degrees o f free
dom , the minimum correlation coefficient at a significant level o f .001 is .37, at .01 is .29, and at .05 is .22. Values significant at the
.01 level are underlined.
Monthly
Precipitation

Jan

Feb

Mar

Apr

May

June

July

Aug

Sept

Oct

Nov

Dec

Temperature
previous month

-.11

.04

.02

-.02

.15

.10

-.18

-.08

.05

-.18

-.07

.07

Temperature
same month

.31

.08

.00

-.23

-.00

-.43

-.40

-.32

-.13

-.24

.00

.03

Temperature
following month

-.13

-.26

-.04

-.18

.01

.03

-.12

-.02

.04

-.13

-.25

-.30

Table 2: M onth-to-m onth correlation coefficients for temperature and precipitation anomalies.
J-F

F-M

Temperature

.14

-.10

Precipitation

.09

.13

M-A
.03

A-M

M-J

J-J

J-A

A -S

S-O

O-N

N-D

D-J

J58^

.18

.24

JS4_

.23

.18

.23

.24

.11

.11

39_

.14

.24

-.08

.11

.24

.21

.06
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Figure 12: Fairbanks March-May precipitation. Dots annual
values, line binomially weighted 9 -year running means.
YEAR

early ’50s. This may reflect a lack of stable meridional
flow, a lack of sources for extremely warm or ex
tremely cold air, or both. Temperature persistence
patterns in spring are interesting (Table 2) with a
definite break between February and March but rela
tively high persistence within the spring season.
Summer values of Arctic temperature, Fairbanks
temperature and Fairbanks precipitation are shown
in Figures 13, 14, and 15, respectively. Although
there are a few peaks and troughs which more or
less coincide (e.g., the trough in the early ’30s), the
overall lack of agreement is impressive. Nevertheless,
summer is such an important season for agriculture
that the growth season and the distribution of temper
ature and precipitation will be examined in more detail.

Figure 14: Fairbanks mean June-Aug temperatures. Dots annual
values, line binomially weighted running means.

YEAR

YEAR

Figure 15: Fairbanks June-Aug precipitation. Dots annual val
ues, line binomially weighted running means.

Figure 13: Arctic June-Aug mean temperatures. Annual and
binomially weighted 9-year running means. Source Kelley and
Jones, 1981a.

the actual growing season, it is im portant to realize
that planting date and choice of crop depend on anti
cipated rather than actual growing season. Unless the
cost of reseeding is low compared with the advantage

The dates of last spring and first fall frosts in Fair
banks since 1952 are shown in Figure 16. In order to
understand how C 0 2-induced warming would affect
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precipitation, though at the cost of a possible increase
in wind damage and even hail damage. However, this
applies only if the circulation stays constant. The pre
sent tem perature-precipitation correlation (due to vari
ability in circulation) is strongly negative (see Tablel).
This suggests that if the circulation shifts in such a way
that Alaskan temperatures increase by more than the
Arctic average, summer precipitation could decrease
substantially. If circulation shifts tend to offset the
Arctic warming in Alaska (as appears to have happened
in the ’30s), Interior Alaska could become substan
tially wetter.
The distribution of precipitation through the sum
mer is also important. Because of the normal increase
in precipitation from 7 mm in April to 51 in August,
soil moisture is often low early in the season. The high
correlation between May and June precipitation (Table
2) enhances this tendency. August, on the other hand,
is frequently wetter than the optimum for ripening
grain crops. The combination of a wet June and dry
August, as has occurred regularly for the last five years,
is then likely to be better for plant growth than a dry
June and wet August, even though the total summer
precipitation is the same. Figure 17 shows how the
individual monthly precipitation totals have varied
over the last 25 years.

M O N TH

Figure 16: Last spring and first fall dates of temperatures
equal to or less than 0 C. Similar figures could be drawn for
other critical temperatures. N ote the variability.

of starting a few days earlier, planting dates will be
determined by occasional late frosts (or periods of
whatever low temperature will damage the crop in
question) rather than by the average date of last
frost. Changes in circulation patterns may change the
frequency of late-spring frosts, but the last-possible
frost date is still determined by (1) the availability
of sufficiently cold air to be advected into the area and
(2) the amount of radiative cooling possible, since the
latest frosts are generally radiation frosts. As discussed
earlier, the direction of influence of a C 0 2 increase is
toward warming in both cases. Thus the actual safe
planting date should become earlier, regardless of
whether there is any change in the mean date of last
frost. The same argument can be applied with some
caution in the fall: unless a farmer has the resources
to tolerate years with no crop, and unless a longer-sea
son crop has a value substantially greater than that of
the safer, short-season crop, the selected main crop
will be one which can be expected to mature in most
years. Thus it is the earlier fall frost dates which actu
ally determine the choice of the major crops grown,
and a C 0 2 increase should act to increase the length of
growing season on both ends.
The relationship between temperature and mois
ture is also critical to agriculture. The effect of a gen
eral increase in temperature will be to increase some
what the amount of precipitation—just about enough
to offset increased evaporation. Destabilization from
direct radiative effects of C 0 2 could further increase

YEAR

Figure 17: Comparison of June, July and August precipitation
anomalies.

Fairbanks autumn temperatures, as can be seen
from Figures 18 and 19, again show little agreement
with those of the Arctic in running means, but individ
ual extreme years commonly agree (e.g., 1917, 1938).
The upward trend of the envelope of the temperatures
up to 1930 agrees with the mean for the Arctic, as
in winter. The running means of temperature and pre
cipitation (Figure 20) appear to be parallel through the
mid ’40s and weakly antiparallel after that time.
The observed correlations between temperature and
precipitation are insignificant but primarily negative
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°c

YEAR

Figure 18: Arctic Sept-N ov temperatures. Annual 9-year run
ning means. Source Kelley and Jones, 198Id.

+1 _
YEAR

Figure 20: Fairbanks Sept-N ov precipitation. Dots annual val
ues, line binomially weighted running means.

low temperatures were modified by both weaker
inversions and a lack of source areas for extremely
cold air. In the unlikely case that no circulation
changes occurred, the surface temperature change
would approximate that of the Arctic as a whole, and
the precipitation would increase by enough to offset
increased evaporation. Circulation changes, however,
could lead to even warmer conditions in Alaska com
bined with lower precipitation (except along the
Pacific coast), or to less than the average warming with
increased precipitation. Circulation changes could also
affect the seasonal and intra-seasonal distribution of
precipitation and temperature, o
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(Table 1); persistence is, though not otherwise signifi
cant, consistently positive (Table 2).
In summary, Alaskan mean seasonal temperatures
may or may not follow a small C 0 2- induced change in
mean Arctic temperatures. Mean temperatures pro
bably would follow a change large enough to cause
major variations in the pack ice. The lowest tempera
tures would probably rise as increased C 0 2 resulted in
weakening clear-night inversions, and a similar direct
effect could increase the number of summer thunder
storms. The usable growing season would almost
certainly increase as extreme late-spring and early-fall
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APPENDIX - Binomial running means

Plain running means are subject to a number of
problems. For instance, if the running mean is over n
years, a change in the running mean actually indicates
that there is a large difference between the years
y before and y after the mean time. To avoid these
problems, the running means in this paper have been
calculated with binomial weighting. For an n-year
running mean, successive years are weighted with the
coefficients of the series (l+ x )11’1, divided by the
sum of these coefficients. Table A l gives the weighting
coefficients for values of n from 1 through 10.
Figure A l shows the unweighted 10-year running
mean for Fairbanks mean annual temperatures. The
data set is identical to that used for Figure 2, so com
parison of the two figures shows the effect of weight
ing.

Figure A l: Unweighted 10-year running mean of Fairbanks an
nual mean temperatures. Compare with binomially weighted
values in Figure 2 .

Table A l: Coefficients for binomially weighted running means.
n
1
2
3
4
5
6
7
8
9
10

y±4

y±5

y±3

y±l

y±2

y
i

.5
.25
.125
.0625
.03125
.0156
.0078

.0937

.0312

.0039
.00195

.0176

.375
.3125

.2344
.1641

.1094
.0703

75

.25
.1562

.0547

.5
.375

.3125
.1953

.2187
.1641

.2734
.2461
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Temperature Trends in the Alaska Climate Record:
Problems, Update, and Prospects

Glenn Patrick Juday*

ABSTRACT
The instrument record of temperatures in Alaska is limited because (1) there are
practically no readings before 1900, (2) there have been many major station relocations
into apparently different microclimates, and ( 3) many early stations have been discon
tinued. Except in arctic Alaska north of the Brooks Range, there is a marked temperature
cycle of approximately 11 years duration between peaks. At most o f these Alaska sta
tions, calendar year 1981 had the highest or second-highest mean annual temperature
(MAT) in the record. Winter temperatures across much of the state have been especially
high since the winter of 1976-77. The highest November, January, February, and March
monthly means in the Fairbanks record have been experienced since 1978. Most stations
have experienced a turnaround from second-coldest interval in the record (mid ’70s) to
the warmest (late ’70s and early ’80s). Summer temperatures have been warming but the
trend may have passed its peak in 1980-81. The University Experiment Station (UES)
weather station has been warming at a rate o f .77 C per century for the entire length of
record. This station was warming at a rate of over 3 C per century in the first five decades
of the century.
The peaks of the apparent Alaska temperature cycles roughly correspond with the
solar sunspot cycle. If this is a real relationship and it continues through the next solar
cycle, then Alaska might expect the true direction of temperature trend to be declining
until the mid 1980s, peaking next in the early 1990s. If the temperature cycles continue
a stairstep increase due to C 0 2 effect, then many stations in the interior of the state in
the discontinuous permafrost zone will have sustained intervals o f MAT above freezing.

INTRODUCTION

decades as would be the case with a straightforward
relationship between atmospheric C 0 2 level and tem
perature (Bayes et al. 1976, Hansen et al. 1981, Maden
and Ramanathan 1980, Mitchell 1979).
These two apparently contradictory observations
are so central to our current understanding of the C 0 2 related climate-warming problem that they must be
reconciled. Considerable progress has been made re
cently in identifying causes for a natural background
cooling that has masked the expected C 0 2 warming
effect. These include volcanic eruptions which block
surface warming by incoming solar radiation, varia
tion in solar radiant energy coming to the earth, and

Most reviews or introductions to a discussion of
climate warming by C 0 2 include two observations,
among others. One of these is that climate-modeling
results indicate C 0 2-induced warming will be greater
in the high latitudes than elsewhere on the planet
(Budyko 1969; Juday 1982; Kellogg and Schware
1982; Madden and Ramanathan 1980; Manabe and
Wetherald 1975, 1980). The other observation is that
global temperatures have not been warming in recent

*Glenn Patrick Juday: Agricultural Experiment Station, Univer
sity of Alaska-Fairbanks.
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the thermal inertia of the oceans. Sifting out the con
tribution of all these factors will obviously be crucial
in detecting a C 0 2-induced global warming effect.
However, climates are not actually experienced
as global averages; they have a regional character. Have
any of the climatic regions of Alaska begun to display
evidence of warming, in support of the C 0 2 warming
hypothesis? Do temperature trends in Alaska correlate
with natural background factors that control climate,
especially solar radiation?
Alaska’s high-latitude setting makes answers to
these questions particularly relevant to the C 0 2 prob
lem, because the expected greater warming in the far
north might permit early detection and confirmation
of a global C 0 2 effect. Mitchell (1961), for example,
demonstrated that the global warming from 1880 to
1940 was most pronounced at high latitudes. In addi
tion, and perhaps of greater interest to Alaskans, the
profound changes that a significant warming would
produce indicate the need to know as soon as possible
that warming is indeed underway so that steps can be
taken to cope with its effects.

Table Is Continuous or reconstructed years o f record o f Alaska
stations used in this paper.
Station and
Climatic Region
Sitka Magnetic
Observatory

Juneau
(downtown)

Length o f Record
SOUTHEAST
1843-1845, 1848, 18501854, 1856-1862, 18681 8 7 6 ,1 8 8 2 -1 8 8 6 , 19001981
1 907-1980

INTERIOR
University
1905-1981
Experiment Station

Big Delta

1945-1981

METHODS

Nome

NORTHWEST BERING
1907-1981

The basic data used in this analysis are the official
U.S. Weather Service monthly mean temperatures for
given Alaska stations. The monthly mean is the arith
metic mean of the daily means in that month. The
daily mean is calculated as the mean of the high and
low temperature for the observation day. The mean
annual temperature (MAT) is the arithmetic mean of
the monthly means over a calendar year.
Sources for m onthly means and MATs were Local
Climatological Data Annual Summaries (National
Oceanic and Atmospheric Administration 1981),
Alaska Climatological Data Annual Summaries (Na
tional Oceanic and Atmospheric Administration,
1916-1981), and Weather Service worksheets for older
stations. For Juneau, Lomire (1979) has produced a
summary of station data for the entire length of record.
The early Sitka Magnetic Observatory station data, col
lected by the staff of the Imperial Russian Observatory,
were summarized by the Department of Interior,
General Land Office (1869). Most stations, and all
those with over 60 years of data, had some missing
data. Table 1 lists the stations analyzed in this paper
and summarizes the occurrence of missing data.
The following procedure was used to reconstruct
missing monthly mean temperatures:
1. A “predictor” station in the same climatic
region as a “missing data” station was iden
tified.
2. The monthly mean temperature for the “pre
dictor” station for the missing year was rec
orded.
3. The monthly mean temperature at the “pre-

St. Paul
Island

1916-1981

Matanuska

SOUTHCENTRAL
1918-1981

Anchorage

1943-1981

Barrow
Umiat

ARCTIC
1921-1981
1946-1953, 19771981

Years w/
Reconstructed Data
1978 (1 mo)
1959 (1 mo)

1975 (yr)
1974 (yr)
1973 (yr)
1972 (yr)
1 9 7 0 (3 mo)
1965 (2 mo)
1962 (1 mo)
1961 (1 mo)
1958 (1 mo)
1974 (2
1 9 7 0 (1
1969 (1
1932 (1

mo)
mo)
mo)
mo)

1916 (1 mo)
1915 (3 mo)
1945 (yr)
1943 (yr)
1942 (yr)
1941 (1 mo)
1922 (2 mo)
1 9 2 0 (1 mo)
1950 (yr)
1 9 4 9 (1 mo)
1935 (yr)
1934 (yr)
1933 (yr)
1932 (3 mo)
1926 (1 mo)
1932 (2 mo)
1931 (6 mo)
1930 (4 mo)
1 9 2 0 (1 mo)
1 9 1 9 (1 mo)

dictor” station for the m onth in question in
four additional years was recorded. These ad
ditional four monthly mean temperatures
were selected to be as close as possible to the
monthly mean at the “predictor” station for
the missing year.
4. The monthly mean temperatures for the “mis
sing data” station were recorded for the four
additional years.
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5. The difference in monthly mean temperature
between the “missing data” and the “pre
dictor” stations was calculated for the addi
tional four years.
6. The mean difference was added to or sub
tracted from the monthly mean at the “pre
dictor” station in the missing year, producing
a reconstructed value for the missing monthly
mean.
Table 2 gives an example of the calculation of a re
constructed monthly mean using this procedure. In
cases where several consecutive monthly mean temper
atures were missing, I reconstructed the mean annual
or summer or winter temperature directly instead of
through component monthly means. This was done by
a direct calculation of the mean difference in mean
annual, summer, or winter temperature between a
“predictor” and a “missing data” station for all the
years the stations were stable in location. Appendix I is
a complete list of the missing data stations and dates,
predictor stations and dates, and the means and
standard deviations of the temperature differences
used in the reconstructions.

it does account for both the magnitude of warming or
cooling (as does the straight temperature plot) as well
as the duration of the warmth or coolness. More sophis
ticated transformations are available, but the running
mean will indicate trend at moderate to long intervals
(though not short intervals) and it has been and is be
ing used in this sort of work. I also compared the ranked
and ordered list of temperatures for a large group of
stations with the timing of the solar sunspot cycle.
Finally, I plotted a simple linear regression of 5-year
running mean temperature with date to determine the
rate of warming at some long-term stations.
Problems with Alaska temperature data

There are very few instrument records of temper
atures in Alaska before 1900; none of those that exist
are continuous. Practically all of these observations
were taken in southeast Alaska, where the great major
ity of the settled population lived then. A few weather
observations were taken at Barrow and on whaling
ships in the Bering Sea and Arctic Ocean during this
time.
With the discovery of gold at several locations in
northern Alaska at the turn of the century, the popul
ation increased greatly and weather records began. The
Nome and University Experiment Station records are
notable examples of several stations begun during this
time. However, there was considerable turmoil in
station activity; the first real stability in station report
ing statewide began at about 1915.
Several stations were lost or had their weather
records interrupted due to the decline in Alaska's
population after World War I and the Great Depression
and due to the Japanese attack and invasion at the be
ginning of World War II. The late stages of World War
II and the early post-war period saw the start-up of
practically all current first-order stations in the state at
their typical airport locations. This latter point, the
shifting of stations to local airports, has proved to be
a significant confounding factor for many station
temperature records. Most Alaska locations are under
inversion conditions for much of the year. The exact
position of an instrument shelter with respect to local
cold-air drainage and collection can have a profound
effect on average temperature. In addition, some of
the greatest heat-island effect ever reported occurs in
the interior of the state (Bowling and Benson 1978).
Thus it is im portant to check carefully for the effect of
station move when looking at long-term trends or
averages. It also makes the long-term record at the few
continuous, relatively stable station locations all the
more valuable.
Alaska temperatures have a marked tendency to be
cyclic. This has many implications for climatic analysis.
For example, when interpreting temperature trends by

Table 2: Example o f a reconstructed m onthly mean temper
ature through correlation with a “predictor” station.
“Predictor” station,
Matanuska

“Missing data” station,
Talkeetna
Monthly mean
Date
Oct.
Oct.
Oct.
Oct.
Oct.

1920
1927
1930
1931
1935

Date
28.8
28.9
msg.
32.2
29.4

Oct.
Oct.
Oct.
Oct.
Oct.

1920
1927
1930
1931
1935

Monthly mean Differ
ence
33.2
32.2
32.4
33.2
32.4
mean difference

-4.4
-3.3
-

-1.0
-3.0
-2.9

Reconstructed Talkeetna October 1930 monthly mean = 3 2 .4 2.9 = 29.5°F.

One other highly significant calculation was the
correction for station move at Sitka. Sitka has the long
est continuous station record (since 1900) in the state,
and also has fragmentary data back to 1843. Unfor
tunately a station move in 1942 put the instruments in
a distinctly cooler microclimate. Through a direct cor
relation with the Juneau downtown station before and
after the move, I calculated a 1.0°C correction for
summer (May through September) and a 1.1°C cor
rection for MAT.
I produced analyses of three basic temperature
trends: MAT, summer mean (May through September),
and winter mean (October through April). Yearly
values of these were connected as a straight-line plot. I
also calculated and plotted 5-year running means of
these three. The running mean is an artifact itself, but
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comparing the average temperature of two discontin
uous time intervals, one must carefully account for the
position of the two intervals within or across their
respective cycles. A cool portion of a cycle cannot be
compared fairly with the warm peak of a temperature
cycle. The setting of a “normal” interval against
which temperature departures are measured should
also be done with an awareness of cycling behavior.

Note that 1981 is second in warmth only to 1926 at
both stations. The interval from 1975 to 1981 at Sitka
is the warmest when both magnitude and duration are
considered. This is not quite the case at Juneau. The
turnaround in temperatures from the early ’70s to
1981 is particularly impressive.
Figure 2, depicting the 5-year running mean of
MAT at Juneau and Sitka, is striking. The running*
*

S IT K A (corrected)
JU N E A U , DOWNTOWN (interpolated)

RESULTS AND DISCUSSION

Hamilton (1965) presented an analysis of Alaska
temperatures featuring 8-year running means. He did
not, however, present MAT (unaltered), summer, or
winter temperatures. For most long-term Alaska
weather stations there are now an additional 20 years
of data beyond that available to Hamilton, represent
ing as much as a 35 per cent extension of the record.
Also, the establishment of the Alaska Climate Center
now offers a better opportunity to interpolate missing
temperatures or correct for station moves by cor
relating station records. As a result, discussion in this
paper will focus on more-recent aspects of tempera
ture trends, although earlier features that provide
perspective will be mentioned also. Below is a regional
discussion of the course of MAT and summer and
winter temperatures.

Figure 2

mean treatm ent has smoothed and enhanced the
cyclic behavior of the temperatures. The trend at Sitka
was warming, in cycles, from 1900 to 1940, cooling
moderately to 1960, then cooling sharply to the early
’70s, again in cycles. The peak of warmth just reached
in the late ’70s peak is the highest point yet in the
entire warming trend of the record. At Juneau the
cooling up to 1960 was not as pronounced, the ’60s
and early ’70s trend was very sharply down, and the
current warm peak has not yet surpassed that of the
the early ’40s. Both show a poorly developed “peak”
on a general downward trend during the late ’60s.
Figures 3 and 4 are the Sitka summer means and
the 5-year summer running mean of Sitka and Juneau,

Southeast

Figure 1 presents the MAT at Sitka and Juneau. It
can be seen that there are warm intervals at Sitka at
1905, 1914, 1926, the early 1940s, the late 1950s, and
the late 1970s through 1981. Note particularly that
both the magnitude and the duration of warm years
define these intervals; intervening cold periods can be
seen also. At Juneau, the same warm intervals appear,
although there is a tendency for a more rapid cooling
from their peaks, especially in the early and late ’60s.
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Figure 5

respectively. There are a few differences at Sitka be
tween the annual and summer mean temperature
patterns. Warm years are ranked slightly differently;
1914 is slighlty warmer than 1926, for example. The
summer of 1957 is a quite distinct warm peak. The ’60s
and early ’70s are cool, but not excessively so. The
interval from 1977 to 1981 is unprecedented for sus
tained warmth at Sitka.
Figure 4 shows particularly well the interplay of
summer temperature trends at Sitka and Juneau. The
Sitka trend has worked upward in cycles to its highest
point at the end of the graph, but Juneau has not.
Instead, the warm peaks there alternate with Sitka.
Juneau is situated so that it can be influenced, espe
cially in the summer, by continental air masses. Sitka
is nearly exclusively under marine air. The peaks could
be interpreted as representing summer warmth cycles
alternately predominated by continental air (Juneau
higher) and marine air of the north Pacific (Sitka
higher). Again in both, the cooling trend of the ’60s
and early ’70s has definitely been reversed.
Winter temperatures were not analyzed in south
east Alaska.

Figure 6 reveals that the trends again follow a
cyclic pattern, albeit more subdued in the ’50s, ’60s,
and early ’70s. The nadir of the early ’70s has again
been followed by a strong upward trend toward a new
high at Anchorage (and perhaps Matanuska also if it
were corrected).
4 .0

s ANCHORAGE
= MATANUSKA

3 5

30
2 5

u

3 20
o
*

1.5
1.0
0 5

0,
1900

1910

1920

1930

1940

1950

I960

1970

1980

YEAR

Figure 6

Southcentral

Figure 7 presents the summer mean temperatures
at Talkeetna. This station was also moved, in 1944.
The effect of the move appears to be less severe in the
summer m onths than for MAT. Again the years 1926,
1940, 1957, 1967, and 1979 stand out as warm peaks.
The summers of 1980 and 1981 were only in the mid
dle of the temperature range.
Figure 8, the 5-year running mean of summer tem
peratures, shows the period of overlap between the
current Anchorage airport station and the Talkeetna
station before and after the 1944 move. The positions
of the curves reverse after the move, Anchorage having
a higher value in the latter part of the curve. This is
also evidence for the modest effect of the Talkeetna
station move. Nonetheless, the trend of warming at

Figure 5 shows the course of MAT at Anchorage
and Matanuska. The Matanuska station was relocated
in 1942, apparently with some effect on temperatures.
The ranking of warmest and coldest few years at this
station is not in harmony with most others in Alaska
south of the Brooks Range. A good rectification is
achieved if one reduces the pre-1944 record (or raises
the p o st-1944 record). Unfortunately, no station
record exists in this part of Alaska with a stable loca
tion across this 1944 threshold long enough to cal
culate a correction factor. Nonetheless, 1926, the early
’40s, 1957, 1969, and 1981 again all stand out as warm
years. The Anchorage record has reached unpre
cedented levels of sustained warmth.

80

-

U N IV E R S IT Y E X P E R IM E N T S T A T IO N

Figure 7
Figure 9
= T A LK E E T N A

0.0 ± 2°C is critical for the formation and maintenance
of permafrost. Most of the interior is in the discon
tinuous permafrost zone; portions of the landscape
favorably situated (south-facing slopes, river bottom 
lands) are already free of permafrost.
If temperatures remain at the levels of the warm
peak of the late 7 0 s then the warmer permafrost
bodies in the interior Alaska landscape mosaic will
begin to melt. With a modest continued warming be
yond that, most of the permafrost in the Fairbanks
and Big Delta areas would be out of equilibrium and
begin to melt.
Figure 10 shows the 5-year running means of MAT
at these stations. The cycling trends of the early
decades of the century are extremely well developed
at UES; both stations show more subdued cycles

Figure 8

Anchorage has definitely been strongest in the cycle of
the late ’70s distinctly reaching its highest value there.
Even allowing for some effect of station move, Tal
keetna does not appear to have had a strong summer
warming trend other than the now familiar cycles, over
its length of record.

i
*
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1

Interior
Figure 9 represents MAT at the University Exper
iment Station (UES) at Fairbanks and MAT at Big
Delta. The shape of the curves is highly similar, with
many points being nearly coincident. The warm peaks
in the UES record are 1914, 1926, 1943, 1957, 19671969, and 1978-1981. A possible minor peak in 1953
is evident. At Big Delta, the last two peaks more
clearly resolve on 1969 and 1981. Again a nadir was
reached in the early 1970s, which has been turned
around to the highest levels of sustained warmth in the
entire record in the late ’70s and early ’80s. Note that
the absolute temperature range has been working up
ward and the last temperature cycle has gone slightly
above the freezing level at Big Delta. The MAT range

YEAR

Figure 10

through the ’50s, ’60s and early ’70s. A clear upward
trend had been established at UES in the early decades,
but much of this had been lost by the early ’70s. The
warming of the late ’70s has regained this ground and
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reestablished an overall upward trend to the curve.
Both UES and Big Delta experienced an extreme re
versal of trend in the ’70s, from near lowest to high
est temperature trend point.
Figures 11 and 12 depict the summer means and
5 -year running means of summer means at the two
interior stations. Figure 11 shows that the summers
of 1914, 1926, 1942, 1953, 1957, and 1977 were the
warmest in the Interior. While the summers of 1980
and 1981 interrupted a warm peak of the late ’70s,
they were not as cool as cool summers in the early
U N IV E R S IT Y E X PER IM EN T S T A T IO N

Figure 13

followed by an interval to 1975 with few “warm”
winters and several cold ones, although not as cold as
some in the early years of the century. The list of the
warmest winters includes most of the years previously
mentioned at this and other stations as warm peaks.
Figure 14 resolves the trends in winter temperatures
nicely. The cycles up to 1940 appear distinctly, and
are on an upward trend. From the early ’40s to the
early 70s, the trend is rather flat but ultimately down
There is no peak in this latter interval that exceeds the
previous three cycles. In addition, as at most stations
mentioned previously, there is a dramatic turnaround
to the highest point on the curve which culminates at
values calculated for 1979.

Figure 11

decades of the century. From 1922 there is a discern
ible upward movement of the low points of the curve.
Figure 12 shows that the movement of the trend of
summer temperatures has mostly been in a cycling
fashion up to the late ’50s, after which the trend line
did not drop as low as in the past. By the mid ’70s, a
new and distinctly higher peak had been reached.

U N IV E R S IT Y EXPERIM EN T STA TIO N

U N IV E R S IT Y E X PER IM EN T S T A T IO N
BIG D E LTA

Figure 14

An additional word about recent winter temper
atures is in order. The Fairbanks airport station has ex
perienced some remarkable winter records in the last
few years. The warmest November (1979), January
(1981), February (1980), and March (1981) monthly
means have occurred in the latest warm cycle. To be
fair, it should be pointed out that the coldest February
(1979) and nearly coldest December (1980) also oc-

Figure 12

Figure 13, the winter mean temperatures at UES,
shows a somewhat erratic climb through the early ’40s,
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responding peak at Nome being centered on the early
’40s. Figure 17 shows the cycling behavior of these
trends. The major difference between stations is the
earlier occurrence of the late ’30s cycle at St Paul
Island versus the early ‘40s at Nome.

curred during this period. Nonetheless, the January
1981 monthly mean was a full 16.6°C (30°F) above
normal, possibly the greatest amount a station in the
U.S. has ever exceeded normal.
N orth west - Bering
The 5-year running means of MAT at Nome and
St. Paul Island can be compared in Figure 15. There
are few differences from the previous regions. The
occurrence and timing of most cycles, the trend up
wards in the early decades, the cooling of the ’50s,
’60s, and early ’70s, and the recent sharp turnaround
to high values are all there. However, the second high
est warming trend at St. Paul Island culminated in the
late ’30s instead of the early ’40s as at Nome and
elsewhere. The recent warming is very strong at Nome.

Figure 17

Figure 18, the mean winter temperatures, shows
some deviation from the general pattern previously
discussed for other stations in Alaska. The 1926
peak is not strong, for example. The peaks of cycles

Figure 15

Figure 16 shows that this is even more the case for
summer mean temperatures at Nome. St. Paul came
close to not having a summer in 1971, but reached a
new high in 1979. A 1936 peak in summer tempera
tures is evident at St. Paul Island in contrast to the cor
WI N T f
* NOME

r?

Figure 18

in the ’50s, ’60s, and early ’70s are not distinct. Fig
ure 19, the 5-year running mean, shows that the trend
for this latter period is more gradually and consistently
down than for other stations discussed so far. The late
’70s turnaround does not quite culminate in highest
values in the record either. This demonstrates the im
portance of summer temperatures on MAT at Nome.
Nome’s climate is in some ways a hybrid between the
true Arctic climate found north of the Brooks Range
and that of interior Alaska. At Nome, as in the Interior,
the early ’80s have brought MAT levels near freezing.
Again, with sustained temperatures at these levels,
permafrost would be in jeopardy.

SUM M ER

Figure 16
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Figure 19

Figure 21

Arctic

years is the downward trend from the 1950 warm peak.
There will need to be more warm years before the
warming of the late 7 0 s can truly be said to have
reversed it. A lag phase behavior between the Arctic
and the rest of the state is occasionally seen in the near
m atch-up of individual warm or cold years or small
groups of them at Barrow versus earlier similar periods
elsewhere in Alaska.
Figures 22 and 23 show that there has been a con
sistent, downward, semicyclic trend in summer tem
peratures at Barrow, brought about by steadily larger

The course of MAT at Barrow on the northernm ost
Arctic coast, and Umiat in the northern Brooks Range
foothills further inland, can be seen in Figure 20. The
record at Umiat is, unfortunately, brief; there are no
other better records for that inland, continental part
of the Alaskan Arctic. Given the differences in summer
and winter weather patterns between Arctic-maritime
Barrow and continental Umiat, it is amazing that the
MAT records agree as well as they do for the two
stations. There is, however, a major difference in tem
perature pattern between these two and the other
stations discussed so far. Cycles are not as obvious or
distinct. The dates of warmer years do not match those
of the other stations, and the time intervals between
them are, if anything, shorter.

Figure 22

gaps between warm peaks in the record. When these
summer temperatures are compared with Figures 24
and 25 (the winter means and 5-year running means of
winter, respectively) it can be seen that what recovery
there has been in MAT in the late 7 0 s has largely been
made up of the increase in winter means. It is also the
unbroken succession of warmer winters, not their
absolute high value, that has set this trend.
Maxwell (1981) defined climatic regions in the
Canadian Arctic Islands and looked at temperature
trends at several stations there. His region closest to

yeah

Figure 20

As Figure 21 shows, there has been a recent
slight, warming trend in MAT; it has not yet matched
the warm peaks of the late ’20s or the peak of the late
’30s and early ’40s. The predominant pattern in recent

84

ing trend since, essentially to 1979. Thus the entire
North American high Arctic has either not yet regis
tered the warming that has begun in subarctic Alaska,
or has not experienced as great a warming.
Myers and Pitelka (1970) looked at summer tem
peratures at Barrow from 1950 to 1975. They ob
served that warm summers were largely produced by
offshore winds in August. The tundra is relatively
warm at that time of the year in comparison to the
Arctic Ocean. It may be that the vast extent of the ice
pack and the brisk winds of the arctic coastal plain
deliver the chill air of the Arctic too efficiently to be
regularly overcome by whatever cycling process
produces summer warming elsewhere in Alaska.

Figure 23

RATE OF WARMING

Figures 26, 27, and 28 show two simple linear re
gressions fitted to the 5-year running means of MAT at
Juneau, Sitka, and UES. The first and shorter line was
fitted to the data from origin to 1947, representing in
each case the rate of warming through the cycle of the
JU N E A U

Figure 24

£ -21.0

Figure 26
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Figure 25

Barrow and the Alaskan north slope had only a short
record (from 1955). Between 1955 and 1979 there
were two notable low points on that temperature
curve, 1964 and 1974. The warmest year was 1977.
This was generally true for the western Canadian high
Arctic. The eastern Arctic has a longer record, register
ing a warming to about 1950 as at Barrow, and a cool-

Figure 27
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1952
secondary
1958
secondary
1969
secondary
1981
major
The cycling of anything in nature on a time inter
val of more than 5 years and less than 20 usually
brings forward some attem pt to correlate it to the
11-year solar sunspot cycle. There have been some
notable false associations presented in the literature
because of improper methodology. Even in cases where
some relationship can be demonstrated, such as the
22-year drought cycle in the western US (Williams
1982), the question of the mechanism and cause of the
cycling phenomenon is usually not dealt with. In spite
of these problems, it is a useful first step, if a clear
correlation can be found, to identify a pattern of
association between the solar cycle and the phenom
enon of interest; causal mechanisms are being worked
out (Gilliland 1982; Evans 1982). Such an apparent
correlation exists between the solar cycle and Alaska
temperature trends.
Table 3 presents the timing and numbers of sun
spots at peak years versus the apparent peaks of MAT
for several Alaska stations. Sunspot peak numbers and
shapes of curves were derived from Eddy (1979),
US Department of Commerce (1982), and S. Akasofu
(personal communication). Temperature peak years are
years closest to solar-cycle peak years in which MAT
values are greater than all succeeding or following MAT
values up to the next solar-temperature cycle peak. In
only four cases of the fifty-eight temperature peaks
identified were there intervening years with MAT 0.1° F
higher than the identified peak years. So it can be said
that peak solar-sunspot years correspond roughly with
peak MAT years.
There also seems to be some relationship, though
far from a faithful one, between the shape and magni
tude of the sunspot-number curve and the date of the
temperature peak. When the sunspot peak number is
high and is preceded and followed by low sunspot
numbers (the curve of numbers over time is a sharp
peak), there tends to be good agreement of peak
MAT year among the stations. The 1957 and 1927
sunspot peaks are good examples. There is also a
tendency for flat peaks of the solar-sunpot number
curve (no one year greatly exceeding others) to be
matched by a spread in the peak MAT years at the
listed stations. The 1937 solar peak is a good example;
only St. Paul Island actually matched it.
The date that seems to fit least into this whole
scheme is the 1953 minor warm peak, seen at several
stations. It misses the 1947 solar-cycle peak badly.
It also makes a very short 4-year interval to the dis
tinct 1957 solar and temperature peak. It is interesting
to note that this minor peak occurred during the early,
sharply cooling phase of the strongest cold interval

U N IV E R S IT Y EXPER IM ENT STA TIO N

Figure 28

1940s. The second line was fitted through 1979, the
last calculated 5-year running mean value. Since 1979
terminates on the upward side of a cycle trend, the
rate-of-warm ing values for the whole record are pro
bably lower than they would be if the regression had
included data through the peak and downward phase
of the last cycle.
In all six cases, MAT has been warming. As would
be expected, the rate of warming at the maritime
stations, Sitka and Juneau, has been lower than in the
Interior at UES. Juneau has warmed at the rate of
.25°C per century, Sitka the rate of .60°C, and UES at
the rate of .77°C per century for the course of the
entire record. Again, this includes the strong cold
interval of the ’50s and ’60s, and only half of the warm
cycle of the late ’70s. For essentially the first half of
the century (through 1947), Juneau warmed at the
rate of 1.29°C per century, Sitka 2.08°C, and UES at
3.34°C per century. This makes the suggested C 0 2 induced warmings look entirely plausible, since sub
stantial warming has taken place in Alaska in the past
in a relatively short time period.

RELATIONSHIP OF APPARENT TEMPERATURE
CYCLES TO THE SOLAR CYCLE

Hamilton (1965) summarized the peaks in the
Alaska temperature records, catagorizing them as
major and secondary. He found major peaks at 1914,
1926, and 1940; hefound secondary peaks at 1952
and 1958. He noted that the intervalbetween the
1950s peaks and troughs was shorter than earlier ones.
An extension of his table, based upon the longer
record now available, might appear as follows for
Alaska south of the Brooks Range:
1914
major
1926
major
1940
major
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Table 3: Years of apparent peak mean annual temperature at Alaska stations compared to sunspot maxima. In all but four cases, there
are no mean annual temperatures 0.1° F higher than the peak years during intervals between peaks.__________________________________
Shape of
sunspot
Sunspot number curve
at max.
max. yr.

Sunspot
Fairbanks Univ. Exp.
max
Station
airport
number

Big
Sitka
Delta Mag Obs

Juneau
downtown

Nome

St. Paul
Island

Matanuska Anchorage

1981

1981

1981

1978

1979

1981

1978

1969

1967

1967

1969

1967

1969

1969

1957

1981=
1978
1969=
1967
1957

1957

1958

1957

1957

1957

1957

152

1953

1953

1953

1953

1957=
1958
1947

1950

1953

1947

flat
sharp
sharp
V flat

115
79
104
64

1940
—

1943
1926
1914

1940
1926
1912

1940
1926
—

—
—

flat
V flat
V sharp
sharp
sharp

84
66
140
95
125

—
—
-

—
—
—
—

1944
1926
1915
1905
(1906 msg)
—
—
—
—

1951 =
1950
1937
1926
—

—
—
—
—

—
—
—
—

—
—
—
—

1980

flat

165

1981

1969

V flat

105

1970

1957

V sharp

188

1947

sharp

1937
1927
1917
1905-07
1893
1883-84
1870
1860
1848

—

1940
1926
1915
1905
-

msg
18 85
1869
1860
1851
(1849 msg)

Table 4: Years o f dominant temperature peaks and intervals
in the apparent Alaska temperature cycle._____________________
1981
1969
1957
(1953?)
1940
1926
1915

Years in interval
12
(4?)

This paper has identified an interesting, though far
from perfect, association between solar cycles and
Alaska temperature cycles, at least outside the high
Arctic. A useful test of the hypothesis that this is a real
relationship would be to identify expected future
behavior, and observe whether solar and temperature
cycles actually are related. This is possible in an
extremely crude fashion now. Solar cycles are some
what predictable as to their timing and, once they have
begun, fairly predictable as to their magnitude. Some
solar cycles have been as short as 8.5 years and some as
long as 16 years. There have been, of course, periods
when sunspots have disappeared altogether, the most

11

msg

?

1860

BEHAVIOR IN THE FUTURE

(13?)
14
10
p

1869

—

12

1905
1885

—
—
—

will likely be very complex. However, there is one solar
feature, the most important, that comes to m in d solar radiant-energy output. If there were variations
in the amount of solar radiant energy arriving at the
mean distance of the earth’s orbit about the sun (the
solar “constant”) then this might produce climatic
warming and cooling. Maran (1982) reports that radio
meter measurements taken on board the Solar Maxi
mum Mission satellite varied as much as 0.2 per cent
over the few months the satellite was active.
Finally, are there any identifiable natural responses
to the cycling—solar or tem perature—in Alaska? Table
5 lists the dates of ice breakup on the Tanana River
at Nenana. If April breakup dates are arbitrarily
called early, then it can be seen that all but two of
the sixteen early breakup dates are associated with
warm peaks in the temperature cycle and/or solar peaks.

in the record. Perhaps the peak was masked or dis
torted because of the sharp reversal of temperature
trends.
Table 4 lists the apparent temperature peak years
and the length of intervals between them. If the 1953
peak is accepted, then the mean of intervals is 11 years,
which brings the 11-year solar cycle to mind again.
What might the solar connection be? Inasmuch as any
influence of variable solar features on regional tem
peratures will involve many dynamic systems in the
sun, in space, and on the earth, the actual explanation

Year

—

16
9
9

1851
x = l 1.00
sd=3.30
x = mean, sd = standard deviation
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Table 5: Spring ice breakup dates on the Tanana River at Nenana
1917 April 30*

1949 May 14

1918 May 11
1919 May 3
1920 May 11
1921 May 11
1922 May 12
1923 May 9
1924 May 11
1925 May 7
1926 April 26*
1927 May 12
1928 May 6
1929 May 5
1930 May 8
1931 May 10
1932 May 1
1933 May 8
1934 April 30

1950 May 6
1951 April 30
1952 May 12
1953 April 29*
1954 May 6
1955 May 9
1956 May 1
1957 May 5
1958 April 29*
1959 May 8
1960 May 2
1961 May 5
1962 May 12
1963 May 5
1964 May 20
1965 May 7
1966 May 8

1935 May 15
1936 April 30*
1937 May 12

1967 May 4
1968 May 8
1969 April 28*

1938
1939
1940
1941
1942

May 6
April 29*
April 20*
May 3
April 30*

1970
1971
1972
1973
1974

May
May
May
May
May

1943
1944
1945
1946

April 28*
May 4
May 16
May 5

1975
1976
1977
1978

May 10
May 2
May 6
April 30*

recent examples of which are very crudely associated
with the “ Little Ice Age” (Stuiver and Quay 1980).
But assuming that the next cycle conforms to the
model 11-year behavior, then sometime between June
of 1986 and June of 1987 Cycle 21, the current cycle,
should complete its decline and Cycle 22 should begin,
culminating sometime in 1991 or 1992. The hypothe
sis would then predict that the true direction of Alaska
MAT trend would be downward to the m id- ’80s, and
that MAT would peak again in the early ’90s. A
turnaround at any time now toward warming at
Barrow and the arctic slope would support the hypoth
esis, because lag behavior has been seen there before.
If, as expected, C 0 2 effect begins to overwhelm
the natural range of climate variability between now
and the end of the century, Alaska would experience
a stairstep increase in temperatures, the peaks of which
would reach unprecedented highs. A weak cycle peak
in the early 1990s might delay the setting of new re
cords until the expected temperature peak of the 20002010 decade. A warming to new record highs before
the expected peak of the early ’90s (a continuation of
the 1976-1981 movement) would be very powerful
evidence of a fundamental background warming most
likely due to C 0 2. The 1980s to early ’90s will be an
interesting, and potentially im portant time to be ob
serving Alaska’s weather. O

4
8
10
4
6

1947 May 3

1979 April 30*

1948 May 13

1980 April 29*
1981 April 30*
*The author w ould like to acknowledge the help o f Jim Wise
and Richard Becker o f the Alaska Climate Center in obtaining
Alaska tem perature records.

*Years that match solar or apparent Alaska temperature-cycle
warm peaks. Underlined dates are early or April dates.
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APPENDIX
Table 1: List and correlation statistics o f data used to estimate missing mean annual temperatures or to estimate missing mea
m onthly temperatures for the calculation o f mean to estimate missing mean annual temperatures or to estimate annual temperatures.

Missing data
1958
1961
1962
1965
1965
1970
1970
1970
1972

June
Jan
June
Oct
July
Mar
Nov
Dec
Jan,
Feb,
Apr,
July-D ee
1973
Jan-Apr
June-Dee
1974
Jan-Dee
1975
Jan-Dee
1959 July
1978 Apr
1932
1969
1970
1974
1974

Feb
July
Nov
Jan
Feb

1915 Oct
1915 Nov
1915 Dec
1916 Jan
1920 July
1922 Nov
1922 Dec
1941 Dec
1942 Jan
Jun-Dee
1943
Jan-Oct
1945
Feb-O ct

Predictor Station Data

Predictormsg station
x d if f ° F
s.d.

Southeast — Juneau (downtown)
Juneau* 1946, 1953, 1959, 1980 -2.2
Juneau* 1945, 1946, 1955, 1977 -2.2
Juneau* 1949, 1956, 1963,
1965 -2.3
Juneau* 1953, 1960, 1962, 1967 -2.3
Juneau* 1957, 1963, 1976, 1978 -1.3
Juneau* 1945, 1947, 1949, 1977 -1.3
Juneau* 1961, 1963, 1965, 1977 -1.2
Juneau* 1946, 1949, 1951, 1971 -4.0
Juneau* (Jan-Dee) 1944-57,
1959-60, 1963, 1964, 1966-69,
1971, 1976-80
-2.4

Juneau* (Jan-Dee)

-2.4

Missing data
1926 July
1932 May
1932 June
1932 July
1933 Jan
Jul-Dee
1934
Jan-Jun
1949 Sept
1950 Apr,
May,
Nov,
Dec

1.17
1.13
1.58
0.17
1.45
0.88
1.56
1.40

0.92

0.92
1919 Jan

Juneau* (Jan-Dee)

-2.4

0.92

1920 Nov

Juneau* (Jan-Dee)_________________ -2.4

0.92

1930 Sept

1.38
0.76

1930 Oct

Southeast-Sitka (Mag. Obs.)
Juneau (DT) 1 9 4 2 ,1 9 4 4 ,1 9 6 7 ,1 9 7 6
Juneau* 1944-77, 1979, 1980,1981
Interior — UES
Fai 1930, 1931, 1933, 1934
Fai* 1967, 1968, 1970, 1971
Fai* 1968, 1969, 1971, 1972
Fai* 1972, 1973, 1975, 1976
Fai* 1972, 1973, 1975, 1976
Northwest Bering — Nome
Holy Cross 1917, 1918, 1919, 1920
Holy Cross 191 7 ,1 9 1 8 , 1919, 1920
Holy Cross 1918, 1923, 1925, 1926
1 9 3 3 ,1 9 3 5 ,1 9 3 6 ,1 9 4 6 ,1 9 4 8 ,1 9 4 9
Holy Cross 19 1 5 ,1 9 2 2 , 1923, 1924

+1.5
-1.0

1930 Nov
-4.3
+2.0
-1.0
-2.0
-3.5

0.60
0.14
1.06
0.52
1.70

+0.1
-6.9

3.06
5.92

1930 Dec
1931 Jan
1931 Feb
1931 Mar
1931 Apr

-7.9
+1.8

Northwest Bering — St. Paul Island
Dutch Harbor (a) 1918, 1919,
+5.9
1 921,1922
Dutch Harbor (a) 1920, 1921,
+2.7
1 9 2 3 ,1 9 2 4
Dutch Harbor (a) 1920, 1921,
+3.9
1 9 2 3 ,1 9 2 4
Dutch Harbor 1937, 1938, 1939,
+5.6
1940
Cold Bay (Jan-Dee) 1944, 1946-80 +3.5

4.31
0.84

1931 May
1 9 3 1 Jun

1.82

1932 Feb

0.83

1932 Mar

1.75
*Airport
3.13
1.05

Cold Bay (Jan-Dee) 1 9 4 4 ,1 9 4 6 -8 0 +3.5

1.05

Cold Bay (Jan-Dee) 1 9 4 4 ,1 9 4 6 -8 0 +3.5

1.05
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Predictor Station Data

Predictormsg station
~x diff F s.d.

Southcentral — Matanuska
Talkeetna 1919, 1927, 1930, 1936 + 1.3
Talkeetna 1920, 1948, 1952, 1970 -4.8
Talkeetna 1922, 1930, 1933, 1971 -0.8
Talkeetna 1919, 1927, 1935, 1962 +0.5
-0.8
Talkeetna 1919-21, 1936-44

2.83
1.85
0.39
0.54
2.23

-0.8
-0.8
-2.5

2.23
1.24
0.65

+2.6

1.35

+ 3.6

2.02

+ 1.0

1.31

+2.9

1.42

+2.4

1.21

+ 3.5

0.97

+5.2

2.38

+4.4

2.08

+2.6

2.13

+ 1.8

1.36

+ 1.5

1.24

+0.3

0.88

+ 1.5

2.95

+ 1.8

1.76

Talkeetna 1919-29, 1 9 3 6-44
Talkeetna 1951, 1953, 1954, 1964
Talkeetna 1945-48, 1951-80

Southcentral — Talkeetna
Matanuska 1919, 1920,1921, 1922,
1927
Matanuska 1920, 1921, 1922,
1932, 1935
Matanuska 1920, 1921, 1922,
1928, 1930
Matanuska 1920, 1927, 1930,
1 9 3 1 ,1 9 3 5
Matanuska 1921, 1922, 1930,
1935, 1937
Matanuska 1928, 1930, 1932,
1934, 1935
Matanuska 1926, 1928, 1929,
1931, 1937
Matanuska 1920, 1926, 1928,
1929, 1931
Matanuska 1921, 1927, 1931,
1 9 3 3 ,1 9 3 7
Matanuska 1919, 1921, 1928,
1931, 1932
Matanuska 1920, 1921, 1922,
1930, 1931
Matanuska 1921, 1922, 1928,
1929, 1931
Matanuska 1930, 1932, 1933,
1936, 1937
Matanuska 1919, 1921, 1930,
1932, 1933

APPENDIX, continued..
Table 2: List and correlation statistics o f data used to estimate
missing mean summer (May-Sept) temperatures or to estimate
missing mean m onthly temperatures for the calculation o f mean
summer temperatures.

Missing data

Predictor Station Data

Predictormsg station
x diff °F s.d.

St Paul Island
1942
M ay-Sept Cold Bay 1944, 1946-80
1943
May-Sept Cold Bay
1945
May-Sept Cold Bay

+2.3

0.50

+2.3

0.50

+2.3

0.50

-1.1

0.51

-1.1

0.51

-1.1

0.51

Juneau (downtown)
1973
M ay-Sept Juneau* 1944-57, 1959-61, 1963,
1964, 1966-71, 1 976-80
1974
M ay-Sept Juneau*
1975
M ay-Sept Juneau*
1930 Sept
1931 May
1931 June

Talkeetna
Matanuska 1920, 1921,1 9 2 2 , 1928 + 1.0
1.31
Matanuska 192 0 ,1 9 2 1 ,
1 9 2 2 ,1 9 3 0 +1.5 1.24
Matanuska 192 1 ,1 9 2 2 ,
1 9 2 8 ,1 9 2 9 +0.3 0.88

*Airport
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Land-Ice

Potential Responses of Permafrost
To Climatic Warming

Cecil W. Goodwin, Jerry Brown, and Samuel I. Outcalt*

ABSTRACT
Permafrost is generally divided into two zones from north to south: continuous and
discontinuous. At its southern limit, permafrost in Alaska exists in isolated masses under
peat. In the northern portion of the continuous zone, permafrost occurs everywhere near
the surface of the entire landscape with the exception o f deep lakes and river channels.
The presumed warming of the ground in the discontinuous zone due to C0 2 -induced
climatic change will result in an areal reduction of permafrost. In the colder areas, con
tinuous-zone permafrost temperatures will rise and summer active-layer depths will
increase, but the spatial extent of permafrost will only be marginally affected. In both
cases, where there is ground ice, thermal erosion and thaw consolidation will produce
thermokarst terrain.
In order to estimate the influence o f C 0 2-induced climatic change, a one-dim en
sional, heat-transfer model was employed to estimate the changes in the active layer and
permafrost temperatures of tundra near Barrow, Alaska, and o f open terrain near Fair
banks. The modeled soil at each site consisted o f a thin, wet, organic mat over saturated,
fine-grained, mineral soil. Monthly climatic norms were used for 50-year baseline simula
tions for each case. The model was then sensitivity-tested for 10-year periods for in
creases in summer and/or winter air temperature, changes in winter snow-cover depth,
and summer dryness. Simulated thaw depths at Barrow were more sensitive to summer air
temperature variation than to winter conditions, whereas at Fairbanks the reverse pattern
was seen. The mean annual ground temperatures were more sensitive to air-temperature
warming at Barrow than at Fairbanks, due chiefly to interaction between the length of
the snow-free season and the surface energy balance. The amount o f ground-temperature
increase was large at both locations, with increases for Fairbanks being extremely signifi
cant in terms o f localized disappearance of permafrost. Simulated thaw depth was rela
tively insensitive to changes in snow-cover depth at both locations, although groundtemperature warming due to increased snow depth would radically alter spatial distribu
tion of permafrost near Fairbanks. If sufficient to substantially reduce surface evapora
tion rates, decreased summer precipitation would warm soils and increase active-layer
depths. The effects of a combination of warm and dry summers would be particularly
pronounced in the Fairbanks area.
A Stefan solution of thaw depth for a transect from Prudhoe Bay to Fairbanks
illustrates that spatial difference in sensitivity to climatic warming increases to the north
and that sensitivity to climatic change is reduced as the magnitude o f warming is in
creased. Finally, an equation for the prediction o f change in equilibrium permafrost thick
ness resulting from an increase in mean annual air temperature was developed from the
simulated results.

*Cecil W. Goodwin: Goodwin Technical Systems, Inc., State College, PA.
Jerry Brown: U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, NH.
Samuel I. Outcalt: Department of Geological Sciences, University of Michigan, Ann Arbor, Mich.
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upward from the earth’s interior and outward heat
flow at the ground surface. Over a period of thousands
of years, an equilibrium thickness of permafrost is
eventually reached. Maximum depth of permafrost
in Alaska is about 650 meters in the Prudhoe Bay area
(Gold and Lachenbruch 1973; Osterkamp and Payne
1981). Thicknesses near Fairbanks, in interior Alaska,
range from 0 to 100 m. With changes in climate and
surface conditions, permafrost becomes warmer or
cooler and the depths to the top and base change. The
zone of seasonal thawing and freezing is commonly
referred to as the active layer.
Analyses of permafrost temperature profiles pro
vide a means of observing past and present changes in
climate or surface conditions. Such changes at Cape
Thompson over the past century have resulted in an
increase of 2-3°C in the permafrost temperature at the
depth of zero amplitude (Gold and Lachenbruch
1973). The present mean annual surface temperature
of -5°C accounts for only 260 m of the observed 356
m of permafrost. The lower permafrost layer required

INTRODUCTION

Permafrost (perennially frozen ground) is a natu
rally occuring material whose temperature remains
lower than 0°C for 2 or more years. It is widespread in
high latitudes, and underlies an estimated 24 per cent
of the world's land surface, including higher mountains
in the lower latitudes (Fig. 1). It also occurs in por
tions of offshore environments which were previously
above sea level and subsequently were drowned or
eroded by transgressions of the sea. Permafrost is
present in over 80 per cent of the State of Alaska.
Numerous papers and books have reported upon
the effect of man on permafrost terrain and how per
mafrost affects life in the North. See Pewe (1958) and
Brown and Grave (1979) for samples. An adequate
background on permafrost is provided by the pro
ceedings of the three international conferences on the
subject (NAS 1966, 1973; NRC 1978) and several
books and major reports (Pewe 1969, 1975; Lachenbruch et al. 1962; Washburn 1980; French 1976;
Johnston 1981; Williams 1979). Brown and Andrews
(1982) summarized anticipated changes on permafrost
terrain due to short-term climate fluctuations. This
paper is directed to the analysis of the sensitivity of
permafrost to a series of simulated climatic changes
through the medium of soil thermal models.
Climate is the m ost-im portant factor influencing
the formation, degradation, and distribution of perma
frost. Permafrost forms where the mean annual air
temperature (MAAT) is less than 0°C. Air temperature,
particularly in the form of mean annual temperature,
is the only readily available climatic parameter which
permits comparisons with the distribution of perma
frost. Generally, the MAAT is about 1-6°C lower than
the mean annual ground temperature (MAGT) as mea
sured at the depth of zero amplitude, due to the
effects of snow and vegetation cover, soil thermal
properties, slope and aspect, and surface and sub
surface drainage.
At the southern limit of permafrost, the MAAT is
-1°C or less, and permafrost is generally restricted to
isolated masses in peat mounds. Northward, perma
frost becomes more widespread. The division between
the discontinuous and continuous permafrost zones
occurs at approximately -6°C MAAT. Further north,
permafrost eventually underlies the entire landscape
within less than a meter of the surface with the excep
tion of deep water bodies and river channels, where the
permafrost table is considerably depressed. In northern
Alaska, MAGT is -10°C or lower (Brewer 1958).
Permafrost forms from the surface downward.
Under a cooling regime, winter-frost depth exceeds the
depth of summer thaw and the thickness of the perma
frost increases. The thickness of the permafrost layer is
controlled by the thermal balance between heat flow

Figure 1: Distribution of permafrost in the Northern Hemi
sphere (from Pewe, in press).
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a mean annual temperature of -7°C for formation to its
observed depth.
As ice-rich permafrost terrain thaws, large quan
tities of ice melt. The attendant loss of volume, lique
faction of thawed sediment, and resulting erosion and
thaw consolidation are major adverse consequences of
permafrost degradation. For example, changes in thaw
depth and thermal regime due to removal of vegetation
have been documented at a site adjacent to Farm er’s
Loop Road, Fairbanks (Linell 1973). Twenty-six years
after removal of vegetation, thaw depth had increased
from 4.5 to 6.7 m, and at 10 m depth the ground had
warmed to -0.2°C compared to -0.5°C in an adjacent,
undisturbed site.
Although climatic change and subsequent perma
frost response occur naturally, this paper will focus on
change resulting from human activity, specifically the
increasing consumption of fossil fuel by industrialized
nations, which has led to an increased concentration of
C 0 2 in the atmosphere. It has often been postulated
that future increase in atmospheric C 0 2 may lead to
higher air temperature through the greenhouse effect
and other climatic effects in Arctic regions. Although
the thermal effects of C o rre la te d climatic change on
permafrost are difficult to predict, the sensitivity of
ground-tem perature regimes to changes in air-temperature and surface-moisture regimes can be examined
through simulation models.
Two classes of C 0 2-related impacts on permafrost
terrain are apparent — those involving surface effects
and deep thermal modifications. An increase in the
thickness of the active layer in the summer would be
of particular significance in northern tundra regions,
where active layers are thin (30-60 cm) and near-sur
face permafrost is ice rich. Thawing of the upper
permafrost would lead to thermokarsting and drainage
disturbances and would seriously affect present and
proposed engineering and transportation structures. In
discontinuous permafrost regions, such as interior
Alaska, permafrost is restricted to favorable sites under
organic-rich soils and peat bogs and other relatively
protected environments such as north-facing slopes.
Summer thaw in better-drained soils is deep, and an
increase in air temperature due to increased atmo
spheric C 0 2 might result in soil warming sufficient to
remove permafrost from many areas and displace the
boundary of discontinuous-continuous permafrost
northward.
This paper focuses on both surface thaw and soil
temperatures in the Coastal Plain tundra near Barrow,
Alaska, and in interior Alaska near Fairbanks. Barrow,
with a MAAT of -12.4°C, is in an area of permafrost
extending to depths of 200-400 m (Brewer 1958) and
with thaw depths of 20-60 cm (Brown et al. 1980).
Ice-wedge polygons are common, and average ice
volumes of 50 per cent or more have been measured

in the upper 4 m (Brown and Sellmann 1973). At
Fairbanks, MAAT is -3.5°C and permafrost is discon
tinuous. The base of the permafrost ranges from less
than 1 m to 100 m, and thaw depths of 1-2 m are
common (Lachenbruch et al. 1962).
Of importance also is the impact of precipitation
changes related to C 0 2 increases on thaw and perma
frost temperatures. Carbon dioxide models and cli
m atic-data analyses have suggested an increase in pre
cipitation for high latitudes in association with in
creased air temperatures (Manabe and Wetherald
1980; Wigley et al. 1980). In the Manabe and Wether
ald study, poleward transport of latent heat energy
is increased greatly with C 0 2 increase, and precipita
tion minus evapotranspiration rates are increased
slightly at 70°N latitude with a doubling of C 0 2,
and by 25 per cent with a quadrupling.
An increase of winter snowfall and snow depth
might also be significant. Increasing winter snowcover depth warms subpack soils (Lachenbruch 1959),
but a deeper snowpack delays the time of spring
m eltout (Goodwin and Outcalt 1975). The total
impact at a site depends on the balance between
these two processes, which itself is a function of
regional climatic gradients. Since Barrow and Fair
banks represent coastal tundra and taiga climatological
regimes respectively, which are quite different, the
sensitivity of soil thaw and temperatures to snowcover variations was investigated at these locations.
Summer precipitation change is also of interest;
increased precipitation would tend to counteract
a rise in MAAT due to increased cloud cover, reduced
isolation, and consequent reduction of ground-sur
face temperatures. These effects would be attenuated
at Barrow, where most soils are at or near saturation in
comparison with the drier and more variable soil-mois
ture conditions at Fairbanks. At both locations, a de
crease in summer precipitation could be expected to
alter near-surface thermal properties and surface-evaporation rates and hence modify thaw depth and perma
frost temperatures. The latter case was investigated in
the modeling analysis reported here.
METHODOLOGY

The primary approach taken in the present study is
computer simulation modeling. Modeling is useful, at
the present state of model sophistication and under
standing of field conditions, primarily for ascertaining
the relative, semiquantitative impacts of data and
parameter changes on model output variables, i.e.
sensitivity testing. An optimal model would include
a detailed treatm ent of energy and mass flows through
the soil, including tim e/tem perature/m oisture-depen
dent soil thermal properties. It would iterate at high
frequency to avoid nonlinearity problems, and would
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I

of its operation is given as Figure 2 and will be de
scribed briefly; the reader is referred to the above
sources for more detailed information. Initially, con
stants are specified internally and surface and soil
properties are provided as input as is an annual vector
of snow-depth factors. Snowfall is generated contin
uously within the model from mid-September to midMarch, after which the pack depth remains constant
until melting begins. Multiplication of snow fall by
the snow-depth factor vector thus allows packs of
varying depths from year to year to be considered.
The thirteen mean monthly (December-December)
values of solar radiation, air temperature, windspeed,
relative humidity, and cloud cover are provided as
input at the beginning of each run. Fourier transforms
of these data are calculated in subroutine DATGEN,
which in turn regenerates daily data from the trans
forms. Although the transform method defines all
months in lengths of 30 days, the discrepancy in out
put data is small and is offset by the computational
efficiency of the method and the production of
smooth data curves. For example, a warm summer
can be simulated by simply increasing the values of the
summer mean monthly temperatures; the transform
method produces a smooth transition in spring and
fall between normal winter means and disturbed
summer values and thus assures proper model opera
tion w ithout abrupt data discontinuities.
Air-tem perature disturbance can also be provided
as input through a vector of trends. The air tempera
ture for a particular day I is given by Equation 1. An
increase in mean annual temperature of 3°C can be
accomplished by setting TRND (1) to 3 and all sub
sequent trends to 0. Air temperatures will follow the
trend up to the +3 level during year 1 and remain at
that level as long as 0 trend values continue; a -3 value
in a later year will return air temperature to normal
values; in both cases transitions are smooth. By the
combination of changing initial mean monthly tem
perature data and specifying the trend vector, seasonal
or annual thermal disturbances can be simulated over
a period of many years with a minimum of input data.

be data-rich in the sense of input meteorological vari
ables, surface characteristics, and soil properties.
Unfortunately, such models would have great data
and com putation-tim e requirements and would be
unsuitable for the analysis of impacts expected over
decades. The approach taken here was to adapt a
currently available model that has been shown to pre
dict thaw depths and other im portant responses
reasonably well, that incorporates major interactive
physical processes, and that requires a minimal data
set.
The model employed was a combination of several
one-dimensional, surface-equilibrium, temperature
models developed over the last decade (Goodwin 1972;
Goodwin and Outcalt 1975; Outcalt 1972; Outcalt et
al. 1975; Outcalt and Goodwin 1980). A flow diagram

^
N=1
TA(II) =TA(I) + TRND(N)*I/365 +
TRND(J)

(1)

where
N=year
TRND(0)=0
Following data input and manipulation, the model
calculates node spacing and the Fourier moduli of all
nodes in snow and soil in subroutine FOMO. Node
spacing is 5 cm through the snow cover and to a depth
of 2 m in the soil. Below a depth of 2 m, it increases
logarithmically. One hundred node levels are employed,
with the ground surface normally set at node 20 which
allows a maximum snowpack of 1 m and a bottom

Figure 2: Simulation model flow diagram.
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node depth of approximatley 300 m. The modeled soil
is two-layered, with an organic surface layer of variable
depth overlying mineral soil. Thermal diffusivities of
snow and organic and mineral soil are used to cal
culate the Fourier moduli by Equation 2.
FO(L) = ai*dt/[[Z (L )-Z (L -l)] *[Z(L+1)-Z(L)] ]
where
a^ = diffusivity, layer i
dt = time step
Z(L) = depth of node L
i = snow, organic soil, mineral soil

through the lower levels of permafrost soil and, in con
junction with soil-heat flow from the surface, is re
sponsible for the geothermal gradient. The use of a
constant-tem perature, lower-boundary condition in
the model, placed at a depth below the penetration
depth of surface temperature variation for the time
span of simulation, is expedient. But it does imply that
the lower nodes cannot respond to heat flow from the
bottom as in nature and that profile will not evolve
naturally. Also, the present model begins with an
initial temperature profile constant with depth at the
MAAT. Although any profile could be provided as
input, the original profile would smooth itself over a
period of decades by diffusion to the fixed-temperature lower node, which would make interpretation of
profile differences between cases difficult. Thus, the
profile results discussed later should be viewed as
changes additive to whatever profile is valid at depth
for the modeled areas.
Following profile evolution, the surface energybalance components, active-layer depth, snow depth,
ground surface, and surface equilibrium temperatures
are provided as output on the 15th of each month, and
the model begins another iteration. At the end of each
modeled year, the mean annual temperature profile
is calculated and printed from a temperature sum
vector accumulated through the year.
The model was implemented on an IBM 3033
mainframe computer after development on a TRS-80
microcomputer running FORTRAN. It is interesting
to note that the program, identical on both machines
with minor 1/0 exceptions, gave better results in terms
of mean annual profile evolution on the microcom
puter than on the mainframe, where an instability in
the lowermost nodes was evident after a few modeled
years. In the region of the profile of interest in this
study, both machines produced results to within
0.0l'°C.

(2)

Following the call on FOMO, the model enters the
daily and annual iteration loops. Subroutine SEARCH
calculates the components of the snow/soil-surface
energy balance (net-radiation, sensible-heat, evaporative-heat, and soil-heat fluxes) from the weather data
and surface and soil properties, and from the surfaeeequilibrium temperature, which is computed itera
tively as that temperature which brings the sum of the
energy-balance fluxes sufficiently close to zero.
SEARCH also contains an algorithm for ripening and
melting snowpack when surface temperatures reach
0°C.
After the equilibrium surface temperature is cal
culated in SEARCH, it is used as the upper boundary
condition for snow/soil thermal diffusion in subroutine
GTEMP, which calls FMOD to modify thermal dif
fusivities and TRIMP to implement the implicit matrix
solution to the thermal diffusion equation. FMOD
modifies the moduli computed initially in FOMO
to account for the dependence of thermal diffusivity
on temperature (diffusivities of the soil layers are input
for the thawed state only). For nodes at a temperature
below -7°C, Equation 3 is applied to alter the thawed
diffusivities to values for the frozen state. Equations
4 and 5 roughly mimic the thermally dependent nature
of diffusivity for nodes between -7 and 0°C when
unfrozen water is present.

SIMULATION CASES

FOMOD(L) = FO (L)/[l-PO R (i)*0.5 ]
(3)
where
FOMOD(L) = modified modulus
POR(i) = porosity of layer i
TC(L) = temp. (Celsius) of node L weighted
by surrounding nodes
XER = erfc [abs[TC(L)/1.8] ] *HFUS

Identical tests were run for Barrow and Fairbanks,
thirteen at each location. A 50-year run was made
with standard conditions, using climatic normals of
mean monthly weather data, followed by runs de
signed to test the thermal impacts of increasing sum
mer air temperature, year-round air temperature,
variations in snow depth, and decreased summer pre
cipitation. The data requirements for the model are
listed in Table 1, with internal program designations
and units. Climatic normal-weather data are listed in
Table 2, and perturbations applied in the sensitivity
tests are listed in Table 3.
Inspection of the 50-year standard runs revealed
that the thaw stabilized within 5 years and mean
annual thermal profiles to a depth of 10 m within
10 years. Most cases were run for 10 years only.

(4)

where
HFUS = heat of fusion of water
(5)
FOMOD(L) -FO (L)* [CAP(i)/[CAP(i)+XER*POR(i)]]
where
CAP(i) = heat cap. of layer i
Node 100 is maintained at a constant temperature
(MAAT) throughout the run and is the lower boundary
condition. In reality, geothermal heat will flow upward
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1

5-cm thick organic layer, which, along with C contents,
allowed estimation of volumetric organic and mineral
contents. Heat capacities for unfrozen soils were then
estimated using Equation 6. Organic layer thermal
conductivity was estimated using the geometric mean
m ethod of Johansen, reported by Farouki (1981),
for saturated soils as given by Equation 7. Solids con
ductivity (k s) was computed by a similar equation (8).
Mineral constituent conductivity (km ') was assumed
to be 0.007 cal/cm-s-°C, an average value from Far
ouki. Thermal diffusivity was then estimated as the
ratio of conductivity to volumetric heat capacity. The
frozen diffusivity values listed in Table 4 are those
calculated within the model by Equation 3.

Soil properties used in the simulations are listed
in Table 4, Organic properties vary between the
saturated state of Cases 1-10 and the dry state of
Cases 11-13, and are taken as identical at both loca
tions. Mineral-soil properties are for saturation but
vary between locations. Values (porosity, heat capacity,
unfrozen thermal diffusivity) were calculated from the
physical properties of the soil when available. Data
from the IBP Tundra Biome Intensive Site (Everett,
pers, comm.; Gersper et al. 1980) were used for Bar
row. A wet soil from a polygon trough was chosen
because mineral data were available at shallow depths
and saturation was evident. From bulk density and
moisture content, soil porosity was calculated for the

(6 )

CAP = 0.46*Xm+0.6*Xo+Xw
Table 1: External Data Requirements

where
X = volumetric mineral content
Xm
X Q = volumetric organic content
Xw = volumetric water content = porosity

(LSURF) integer
(LZ)
integer
(LORG)
integer
(LYR)
integer
Run Time*.
(SRHF)
fraction
Surface Properties:
(VF)
fraction
cm
(ZO)
(DSNO,
Soil Properties:
cm2/sec
DORG,
DMIN)
Porosity
(CAP (i)) fraction
i= l to 3
=sn, org, min
Heat capacity
(CAP (i)) cal/cm 3
Snow Depth Factor: SDFAC(J), J=1 to LYR
fraction
Air Temp. Trend;
TRND(J), J=1 to LYR
°C
Init. Temp. Profile: T(L), L=1 to LZ
°c
Ly/day
*Weather Data
Solar incoming radiation
(13 mean mo. v a l.): Air temperature
°F
Wind velocity
miles/hr
Relative humidity
%
Cloud cover
tenths

Node Geometry:

Soil surface node
Last node
Base organic layer
Last year
Relative humidity
View factor
Roughness length
Thermal diffusivity

(7)

‘ a , = ‘ s( 1 ' p o r ) , r

where
ks = thermal conductivity of solids
por = porosity by volume
Xm ' = mineral content as fraction of solids

( 8)

ks= k m' Xm'* k 0»X°
where
X Qf —organic content as fraction of solids
km' o' “ constituent conductivities

Mineral-layer thermal properties were more dif
ficult to establish due to the variability in soil physical
properties with depth. The Barrow field data exhibited
porosities (calculated) ranging from 0.91 in the surface

*Note* Weather data are provided as input in English units to
facilitate entry from NWS table.

Table 2: Climatic Normals1
Jan

Feb

Mar

Apr

May

Barrow
Jun

Radiation2:
Air Temp:
Wind Vel:
Rel Hum:
Cloud C:

1
-16.2
11.3
66
5.0

38
-18.3
11.0
64
5.2

175
-14.6
11.2
66
4.9

385
0.2
11.5
74
5.9

526
18.4
11.7
87
8.4

Radiation:
Air Temp.:
Wind Vel:
Rel Hum:
Cloud C:

16
-11.9
2.8
71
5.9

72
-2.5
3.6
70
6.7

213
9.5
4.7
72
6.0

375
28.9
6.3
68
6.8

Variable

Jul

Aug

Sep

Oct

Nov

Dec

557
33.1
11.4
92
7.9

447
39.1
11.6
91
8.1

262
37.9
12.5
93
8.9

120
30.5
13.1
91
9.2

42
16.6
13.3
85
8.7

4
-0.7
12.6
76
7.0

0
- 11.2
11.3
67
6.0

Fairbanks
468
511
59.0
47.3
7.2
6.5
58
58
6.9
7.3

443
60.7
6.1
65
7.6

319
55.4
5.7
64
8.1

185
44.4
5.8
68
7.7

82
25.2
5.3
78
7.9

28
2.8
3.8
83
6.8

6
-10.4
2.8
76
6.9

Barrow normal for 1931-60; Fairbanks normals for 1941-70.
2 Units: Radiation - ly/d ay; Air Temp. - °F; Wind Vel. - miles/hr; Rel. Hum. - % Cloud Cover - tenths.
Sources: U. S. Dept of Commerce, Local Climatological Data annual summaries; U. S. Env. Data Serv., Monthly Normals of Temp.,
Precip. and Heating and Cooling Degree Days.
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Table 3: Simulation Parameters
Case
1
2
3
4
5
6
7
8
9
10
11
12
13

LYR

Summer Tem p1

Winter Tem p1

Snow D epth(cm )2

SRHF

50
50
10
10
10
10
10
10
10
10
10
10
10

N
+
+
+
+
+
+
++
++
++
+
+
+

N
N
N
N
+
+
+
N
+
++
N
N
+

40
40
80
20
40
80
20
40
40
40
40
20
40

1
1
1
1
1
1
1
1
1
1
.2
.2
.2

1N = climatic normals, to which are added
+ = +3.0 C for June-August in summer column, Sept-May in winter column
++ = +6.0 C
2SDFAC was constant for all years in the simulations reported here, varying only between cases.

Table 4: Soil Properties
Barrow
Organic

Property

Depth (cm):
Pd (gm /cm 3):
W (%):
O (% solids):
*POR (frac.):
X Q (frac.):
X m (frac.):
*CAP (cal/cm 3):
K(cal/cm -s-°C):
*au (cm 2/s):
af (cm 2/s):

Cases 1-10

Cases 11-13

0-5
.16
568
33.2
.91
.03
.06
.96
.0015
.0016
.0029

0-5
.16
33.2
.91
.03
.06
.25
.00023
.0009
.0029

Fairbanks
Organic

Mineral

Mineral
All cases

Cases 1-10

Cases 11-13

All cases

5
1.03
63
7.7
.65
.03
.32
.82
.0023
.0028
.0042

0 -1 0
.16
568
33.2
.91
.03
.06
.96
.0015
.0016
.0029

0 -1 0
.16
—
33.2
.91
.03
.06
.25
.00023
.0009
.0029

10
—
--—
.42
.02
.56
.68
.0025
.0037
.0047

’‘'Properties input to model.
Definitions: Pd = bulk density; W = moisture content, dry weight basis;
O = organic content, % of solids; POR = porosity;
X Q = volumetric organic content; X m = volumetric mineral content;
CAP = heat capacity; K - thermal conductivity; au - unfrozen diffusivity;
- frozen diffusivity.
Snow Properties: Porosity = .67; Thermal diffusivity = .0027; Density = .3 gm /cm 3; Heat capacity = 0.3.

Table 5: Thaw and Snow M eltout Results; Barrow Simulations

organics to 0.38 in the 10-15-cm zone to 0.65 in the
2 0 -2 5 -cm zone. Ice volumes measured at Barrow
(Brown and Sellmann 1973) ranged from 70-75 per
cent in the top 2 m of permafrost and decreased
gradually to approximately 38 per cent at 8-m depth.
The average for the 0-10-m zone was approximately
50 per cent. The present model must calculate both
thaw and deep-soil temperatures using one bulk
porosity value and, since the thaw zone was considered
most im portant in soil energetics, the value of 65 per
cent was chosen for mineral-soil porosity. Soil thermal
properties were then computed as for the organic layer.
The treatm ent of dry-organic-layer properties is
more heuristic. In order to simulate decreased summer
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Case

ALmax (cm)

ALmaxT (J.day)

SNmelt (J.day)

B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B 11
B12
B13

39
53
52
56
55
53
57
64
66
69
82
86
86

231
235
235
234
242
240
238
239
241
249
247
246
255

175
164
168
156
161
167
152
159
156
151
164
156
161

DT

precipitation, the surface relative-humidity fraction
was lowered from 1.0 to 0.2 to represent a dry surface.
Soil drying in the model is restricted to the surface
soils and, since stratigraphic effects are not considered,
to the organic layer. The organic-layer water content
was taken to be the surface relative-humidity fraction
(SRHF) multiplied by the porosity, and thermal
properties were computed by Equation 6 and a geo
metric-m ean formulation similar to Equation 7.
At Fairbanks, physical properties for the standard
Fairbanks silt (Farouki 1981, Table 14) were employed for the mineral-soil calculations. The unfrozen
diffusivity value employed is in agreement with Kersten’s (1949) data. The same organic-layer properties
were used as for Barrow, except for doubling the layer
thickness from 5 to 10 cm. It should be noted that the
simulated Fairbanks location is one devoid of trees
and brush. Although this is not representative of the
area, it allows isolation of the essential climatic de
pendence of modeled thermal processes.

(° C )

I
5
K

Figure 3: Barrow mean annual temperature profiles resulting
from the simulated conditions shown in Table 3.

SIMULATION RESULTS

Maximum active-layer depths and times of maxi
mum thaw and snowmelt are listed in Tables 5 and 6.
Figures 3-5 illustrate the disturbance to the mean,
annual, soil-thermal profile due to the tested variable
changes. The disturbance profiles were achieved by
subtracting the normal-case temperatures at each soil
node from the disturbed-case values. It should be
noted that the vertical axis on the figures is nonlinear
below 2 m. Above that level, the node spacing was 5
cm, while below 2 m spacing increased by a factor of
1.18 at each level, resulting in a spacing of greater than
90 m at the lowermost node (not graphed). The figures
are drawn with equal node intervals and the linearity
of the profiles below 2 m is coincidental. In any event,
values below 5-10 m are not reliable due to the large

DT (°C)

Table 6 : Thaw and Snow M eltout Results: Fairbanks Simulations
Case

ALmax (cm)

ALmaxT (J.day)

SNmelt (J.day)

FI
F2
F3
F4
F5
F6
F7
F8
F9
F10
FI 1
F12
FI 3

134
141
139
143
149
148
151
149
157
166
195
193
208

257
257
258
258
260
260
260
258
260
263
266
264
264

126
128
134
118
118
124
110
130
119
111
128
118
118

Figure 4: Fairbanks mean annual temperature profiles resulting
from the simulated conditions shown in Table 3.

node spacings involved and computational errors in the
numerical scheme when dealing with very small num
bers.
The difference in penetration depth of the temper
ature disturbance seen in the figures between Barrow
and Fairbanks is due to the temperatures involved at
those depths. The Barrow soil is set initially to -12.4°C

ALmax = maximum active-layer (thaw) depth
ALmaxT = time (Julian date) o f maximum thaw
SNmelt = time of snow m eltout
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DT
0

1.25

2.50

3.75

(° C )
5.0

6.25

7.5

8.75

10.0

11.25

J

1.0

1.5

2.0
Figure 6: Schematic curves showing variations over the year in
the air (AT) and ground-surface (GST) curves. A seasonal shift
in MAAT is accomplished by lowing the 0 C (see text for dis
cussion).

3.0
4.0
5.0

10.0

20.0

~

40.0

-

Fairbanks illustrates the changing relationship as one
moves to warmer climates and deeper active layers.
MAGST for the baseline case (1) is low in the sim
ulations when compared with the -9° to -10°C values
commonly observed (Brewer 1958; Lachenbruch and
Marshall 1969), due in part to the cold initial profile
and also to the use of monthly mean air-temperature
data, which leads to underestimation of summer
energy input. However, the results are instructive
when changes from the baseline case are considered.
The simulations indicate a greater soil-profile warming
per degree of air temperature rise at Barrow than at
Fairbanks. For the two cases of year-round warming
(5 and 10), a 3°C rise in MAAT produces a 2.7°C rise
in MAGST for Fairbanks and a 3.3°C rise for Barrow;
for a 6°C rise in MAAT, the soil warming is 5.2°C
and 6.3°C, respectively. The increase can be expressed
by Equation 9.

Figure 5: Fairbanks mean annual temperature profiles resulting
from simulated conditions shown in Table 3 (continued from
Figure 4).

through the profile and the Fourier moduli for the
lower nodes are calculated by Equation 3, whereas the
Fairbanks soils, at -3.5°C, contain unfrozen water in
the model and the moduli are computed by Equations
4 and 5. The difference in solution schemes produces
a diffusivity value for the deep nodes 70 per cent
greater at Barrow than at Fairbanks and an increase of
penetration depth of 30 per cent.
The impacts of increasing air temperature, change
snow depth, and surface summer drying can be seen in
the figures and tables previously referenced. To facili
tate interpretation, Tables 7a-c list pertinent simu
lation results rank-orderd by impact on thaw and
mean annual ground surface temperature (MAGST).
These figures will be employed in the discussions
that follow.

dMAGST = F * dMAAT
where
F = 1.1 for Barrow, 0.9 for Fairbanks

(9)

Although it is well known that MAGST in perma
frost regions is several degrees warmer than MAAT, the
same relationship does not apply to changes in air
temperature if they are constant through the year.
Consider Figure 6, which depicts a schematic air-temperature curve AT and ground-surface temperature
curve GST. MAGST will be warmer than MAAT due
to the winter snow cover and latent heat effects
(see Goodrich 1978). A seasonally constant warm
ing of MAAT can be represented on the graph simply
by lowering the 0°C line, i.e. shifting the temperature
axis by dMAAT. With the same snow-cover depth,
dMAGST should equal dMAAT; hovyever, the length of
the snow-free season is increased as well, and the snowcover warming effect is reduced in the regions labeled
“ a.” Thus, F in Equation 9 should be less than 1. But

IMPACT OF HIGHER AIR TEMPERATURES

As can be seen in Table 7a, absolute thaw increases
with higher air temperature are similar for both Barrow
and Fairbanks. Note that thaw is increased 9 cm more
by a summer-only 6°C warming at Barrow than by
a year-round 3°C warming, whereas at Fairbanks both
cases produce the same thaw and large increases in
thaw depth are associated with fall-winter-spring
warming. The pattern of increase at the two locations
is consistent and reflects the relative importance of
summer energetics as the primary determinant of thaw
in northern tundra, and the secondary role of inherited
soil thermal conditions. The different pattern at
100

varied (3, 4, 5, and 7). Thaw-depth changes are small
in all cases, with a doubling of the final snow depth
decreasing thaw slightly and a 50 per cent reduction
of snow depth increasing thaw. On the basis of the sim
ulations reported here, increased winter precipitation
does not appear to be of particular significance to thaw.
Changes in MAGST due to increasing snow depth, how
ever, are more significant. A half-degree additional
warming would most likely have little impact on perm
afrost at Barrow. But an increase of three-quarters of
a degree at Fairbanks, the magnitude suggested by the
simulations, could speed the reduction of permafrost
extent, especially if snychronous with a C o rre la te d
air temperature rise. It should be kept in mind that
the thaw results for Fairbanks are conservative, due to
the constant initial profile employed in the simulations
and the locking of deep nodes to a constant tempera
ture. The disturbances graphed in Figures 4 and 5
would be of serious consequence when added to actual
profiles, even allowing for latent heat effects.

increasing the snow-free season length increases the
absorption of radiation in spring and fall and elevates
summer soil temperatures, as is known by any garden
er who rakes aside his winter mulch in early spring;
this tends to increase F. The overall value of F at a
site will depend on the initial snow-free season length,
the specifics of the surface energy balance at the site,
and in general on the balance between the two discus
sed tendencies and probably many others. In the sim
ulations, the snow-free season was increased by 15 per
cent and 25 per cent at Barrow but only by 6 per cent
and 10 per cent at Fairbanks for +3° and +6°C yearround warming, respectively, which likely accounts
for the F values given above. In reality, the spread in F
may be larger. In the model, only m eltout date is al
lowed to vary — snow-cover initiation is held constant
— which underestimates the total snow-free season
change on air-temperature rise.
IMPACT OF SNOW DEPTH VARIATIONS

Changes in thaw depth and MAGST are listed in
Table 7b for the four cases in which snow depth was

a. Air-Temperature Warming Tests
Fairbanks

Barrow
Case

ALmax

dALmax

MAGST

dMAGST

S/W

Case

ALmax

dALmax

1
2
5
8
9
10

39
53
55
64
66
69

-12.52
-11.42
-9.23
-10.57
-8.31
-6.27

---

+ 14
+ 16
+25
+27
+ 30

+ 1.10
+ 3.29
+ 1.95
+4.21
+6.25

N/N
+/N
+/+
++/N
++/+
++/++

1
2
5
8
9
10

134
141
149
149
157
166

+7
+ 15
+ 15
+23
+32

—

MAGST

dMAGST

-3.91
-3.37
-1.24
-2.85
-0.72
+ 1.29

—
+0.54
+2.67
+ 1.06
+3.19
+5.20

MAGST

dMAGST

-3.37
-2.63
-3.44
-1.24
-0.52
-1.40

—
+0.74
-0.07
—
+0.72
-0.16

b. Snow-Depth Variation Tests
Fairbanks

Barrow
Case

ALmax

dALmax

MAGST

2
3
4
5
6
7

53
52
56
55
53
57

____

-11.42
-10.91
-11.40
-9.23
-8.78
-9.17

-1
+3
—

-2
+2

dMAGST
—

+0.51
+0.02
---

+0.45
+0.06

SD

Case

ALmax

dALmax

40
80
20
40
80
20

2
3
4
5
6
7

141
139
143
149
148
151

---

-2
+2
—
-1
+2

c. Dry-Summer Tests
Fairbanks

Barrow
Case

ALmax

dALmax

MAGST

dMAGST

S/W SD

Case

ALmax

dALmax

MAGST

dMAGST

11
12
13

82
86
86

+29
+ 30
+ 31

-7.53
-7.82
-4.17

+ 3.89
+ 3.58
+6.40

+/N 40
+/N 20
+/+ 40

11
12
13

195
193
208

+54
+50
+59

+4.07
+3.29
+6.34

+7.44
+6.73
+7.58

Notes: Depths in cm, temperatures in °C.
dALmax = change in max. thaw = from Case 1 in Table 7.a
= from 40 cm snow depth case in Table 7.b
= from equivalent wet cases (2,4,5) in Table 7.c
dMAGST = change in MAGST
o
o
S/W = summer/winter temperature: N = normal, + = 3 C, ++ = +6 C
SD = snow depth in cm
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Table 8: Stefan Thaw Depths

IMPACT OF SUMMER DRYNESS
The results of the attem pt to model decreased sum
mer precipitation are displayed in Table 7c. Note that
the changes in thaw and MAGST reported are relative
to the appropriate saturated cases. The major thaw and
temperature increases are due chiefly to the reduction
of evaporation and the resultant elevated surface
equilibrium temperatures. Surface temperature is
9.7°C higher on July 15 for case 13 (+3QC year-round,
dry) when compared with case 5 (+3°C, wet) for Bar
row. Fairbanks in particular shows greatly increased
temperatures in the dry condition; above-freezing
MAGSTs extend to 195-cm depth in case 13. These
are overestimates, to be sure, given that the mineral
soil remains saturated in the model and that airrelative-humidity values were not changed (con
densation is a major heat source in the modeled
energy budget in summer as a result). But it is probable
that persistent dry summers in conjunction with higher
air temperatures would thaw most permafrost in the
Fairbanks area.

Station
Barrow
Prudhoe ARCO
Franklin Bluffs
Happy Valley ,
Galbraith
Atigun Camp
Chandalar Shelf
Dietrich
C oldfoot
Prospect
Old Man
Five Mile
Fairbanks
Station
Barrow
Prudhoe ARCO
Franklin Bluffs
Happy Valley
Galbraith
Atigun Camp
Chandalar Shelf
Dietrich
Coldfoot
Prospect
Old Man
Five Mile
Fairbanks

PRUDHOE BAY TO FAIRBANKS THAW TRANSECT

As a check on the simulations and to illustrate,
albeit in a simplistic manner, the role of climate on
thaw, thaw depths were calculated by the Stefan
equation for Barrow and for stations on a transect
between Prudhoe Bay and Fairbanks. The form of the
Stefan equation employed is Equation 10.
Calculated thaw depths are listed in Table 8 for
the baseline case, for a 3°C rise in summer air tem 
perature (276 additional degree days for the June-Aug
ust period) and for a 6°C rise (+552 DD). Degree-day
data from instrumentation sites along the Dalton
Highway north of the Yukon River were employed
for the baseline case (Haugen 1980).
THAW =>/2160*k*n*D D /X w

Station
Barrow
Prudhoe ARCO
Franklin Bluffs
Happy Valley
Galbraith
Atigun Camp
Chandalar Shelf
Dietrich
C oldfoot
Prospect
Old Man
Five Mile
Fairbanks

(10)

where
THAW = thaw depth in cm
k = thermal conductivity (cgs)
n = n-factor (DDsurf/DDair)
DD = thawing degree-days
X„7
= volumetric water content
w

Degree-day Increment = 0
N-factor
Thaw-depth (cm)
Porosity
.65
.65
.65
.65
.65
.65
.65
.42
.42
.42
.42
.42
.42

.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7

36
57
68
75
71
71
77
112
119
117
110
118
125

Degree-day Increment = 2 7 6
N -factor
Thaw-depth (cm)
Porosity
.65
.65
.65
.65
.65
.65
.65
.42
.42
.42
.42
.42
.42

.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7

53
69
79
84
81
81
86
122
129
127
121
127
135

Degree-day Increment = 5 5 2
N-factor
Thaw-depth (cm)
Porosity
.65
.65
.65
.65
.65
.65
.65
.42
.42
.42
.42
.42
.42

.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7
.7

66
79
88
93
90
90
95
132
138
136
130
136
143

value of 0.73 for a mossy site near Fairbanks stripped
of trees and brush
Thermal conductivities used in the simulations for
Barrow and Fairbanks were similar for mineral soil
(Table 4), and the mean value of 0.0024 cal/cm-s-°C
was employed for the one-layer Stefan solution for
all stations. A porosity of 0.65 was used for those sta
tions in tundra, and a value of 0.42 for taiga stations,
also in accord with the simulation values.
Predicted thaw for Barrow (36 cm) was very close
to the simulated value (39 cm) from the baseline
simulation, identical for the 3°C summer-warming

All stations were considered to be devoid of trees
in order to better isolate the climate/thaw trend along
the transect, although this was not the case for some of
the sites south of Chandalar. Hence thaw will be over
estimated for those locations. An n-factor of 0.7 was
used in the calculations for all stations. Observations at
a tundra site at Sagwon Bluffs, south of Prudhoe, were
0.63 for the summer of 1977 and 0.72 for 1978
(Haugen 1980). Lunardini (1978) reported an n-factor
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value of 0.03°C/m for ig (from Lachenbruch and Mar
shall 1969, Figure 2) and 1.1 for F. The same value of
ig for Fairbanks would produce decreases of 90 and
180 m, respectively, for F = 0.9, well beyond most
present thicknesses.

case, and only 2 cm greater than the +6°C case. The
agreement was also good for Fairbanks, differing from
the simualted thaw depths by a maximum of 7 per
cent. The thaw value for Prudhoe , 57 cm, is in the
same range as measurements made on polygonal
ground near the Deadhorse airport by the authors.
In general, the calculations illustrate how sensitiv
ity to climatic warming increases as one moves along
the transect. Both in absolute and percentage terms,
thaw impact increases northward. For example,
Prudhoe thaw increases by 22 cm (39 per cent), Atigun
Camp by 19 cm, (27 per cent), and Fairbanks by 18
cm (14 per cent) for 6°C rise. The percentage increase
is expected, since the same degree-day increment is
being applied to differing initial values (the ratio
between the values for any two stations is simply the
square root of their degree-day values). As degree-day
values are incremented, spatial differences decrease,
since the ratio of a+x and b+x approaches 1 as x
increases w ithout limit, regardless of the initial values
of a and b.

SUMMARY AND CONCLUSIONS

A surface-equilibrium temperature model was
employed to investigate the effects of changes in air
temperature, snow depth, and summer dryness on soil
thaw and thermal profiles at Barrow and Fairbanks,
Alaska. Thaw depth increases of 41 per cent and 71
per cent were predicted at Barrow for air temperature
increases of 3° and 6°C year-round; at Fairbanks,
increases were 11 per cent and 24 per cent. The rela
tive dominance of summer air-tem perature increase
over winter increase at Barrow was evident and reflects
the importance of the summer heat pulse in producing
thaw in tundra when compared with inherited soil
thermal conditions. At Fairbanks, with a longer snowfree season to begin with and higher air and soil tem
peratures as well, increasing summer air temperatures
is relatively less significant than increasing winter
temperatures.
Mean annual soil thermal response to air-tem per
ature rise is less dependent on season, although nonlinearities are evident in the simulation results. The
winter snow cover, which decouples the surface energy
balance from the ground surface, is primarily respons
ible. The essential difference in response to air warm
ing between soil thaw depth and temperatures is illus
trated by the transition between 3°C year-round and
6°C summer-only warming. At Barrow, thaw depth
increased by 9 cm between the two cases, but mean
annual ground-surface temperature was reduced by
1.34°C. In the cases of year-round warming, a 3°C
rise at Barrow produced a 3.3°C increase in mean
annual ground-surface temperature and a 6°C warming
produced a 6.25°C surface-temperature increase. Note
that the increase in mean, annual, surface temperature
is higher than the increase in air temperature alone,
due to interactions within the surface energy balance
and quicker snowmelt in spring. For Fairbanks,
warmings of 3° and 6°C produced increases in mean,
annual, ground-surface temperature of 2.7° and 5.2°C,
respectively. In spite of the deficiencies of the simu
lation model, it is evident that Barrow and Fairbanks
are quite different places in terms of response of thaw
and soil temperature to climatic change and that these
differences require field validation. It is interesting to
note from a recent paper by Billings et al. (1982) that
the postulated CO2 induced warming could convert
Barrow from a C 0 2 sink to a source. This would be
associated with a loss of organic m atter and related
increases in soil thaw (Brown and Andrews 1982).

IMPACT OF AIR-TEMPERATURE RISE ON
PERMAFROST THICKNESS

Finally, an attem pt was made to estimate the
change in permafrost thickness due to a general warm
ing. Such changes would require considerable time, on
the order of thousands of years, in an area of deep
permafrost, although change in active-layer thickness
and depth to the top of permafrost would be relative
ly rapid. In an area of thin, discontinuous permafrost,
thawing would be more rapid and three dimensional
with numerous thaw fronts. The equilibrium thickness
of permafrost can be estimated using Equation 11
(Terzaghi 1952).
H = - MAGST/L.
&

(11)

where
H = thickness in meters
i = geothermal gradient, °C/m
o
The change in equilibrium thickness following
a change in MAAT can be estimated by modifying
Equation 11 with the aid of Equation 10; i can be
assumed to remain unchanged given sufficient time,
since the origin or hinge-point of the gradient can be
taken infinitely deep and the before-and-after profiles
would be essentially parallel. Equation 12 can then be
employed.
dH = -F*dMAAT/i

(12)

For Barrow, Equation 12 indicates an eventual
decrease in permafrost thickness of 110 m for a
3°C rise in MAAT and 220 m for a 6°C rise, using a
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Simulation of snow-depth modification indicates
relatively small sensitivity of soil thaw to snow depth
at both locations. Similarly, changing snow depth at
Barrow has only a slight impact on mean, annual,
ground-surface temperature, on the order of 0.5°C
maximum, although the warming would have been
greater with more-realistic evolution of snow depth
in the model. The estimated warming would not be
expected to produce drastic changes in permafrost
thickness. At Fairbanks, increasing snow depth warms
the soil and decreasing depth cools it, by amounts
which, given the relatively warm soil temperatures in
that area, would be significant to permafrost dis
tribution.
The combination of dry surface soils and warm
summers produced extreme increases in both thaw
and soil thermal regimes in the simulations. Although
the results cannot be accepted quantitatively, the
reduction of evaporative heat loss in summer would
lead to increased thaw beyond that due to warming
alone. Dry, warm summers over several years would
also lead to increased incidence of fire, which would
further reduce permafrost extent in the Fairbanks
area, especially if peat fires were involved.
Solution of the Stefan equation for Barrow and
a transect from Prudhoe Bay to Fairbanks indicated

close correspondence to simulated thaw -depth values.
In general, the Stefan solutions illustrate how sensitiv
ity to climatic warming increases as one moves north,
and furtherm ore how spatial patterns of thaw -depth
sensitivity to climatic change are reduced as the
magnitude of warming is increased.
Finally, a prediction of change in equilibrium perm
afrost thickness due to change in mean annual air
temperature was attem pted using relationships devel
oped from the simulations. Using measured geothermal
gradients for Barrow, an eventual decrease in perma
frost thickness of 110 m follows from a 3°C rise in
mean annual temperature, and twice that amount
from a 6°C rise. For the same gradient, smaller de
creases would be seen at Fairbanks, although the
impact in terms of permafrost extent would be ex
treme. O
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Land-Ice

Potential Impact of a Warmer Climate
On Permafrost in Alaska

T. E. Osterkamp*

ABSTRACT
Recent studies by climatologists demonstrate that an increasing C 0 2 content o f the
atmosphere could be accompanied by a general warming at the earth’s surface. For a
doubling of the C 0 2 content of the atmosphere, warming in high latitudes could amount
to 3 to 6°C. This paper assumes a 3 C warming o f the climate in Alaska and then con
siders, in a preliminary way, the potential impact of this warmer climate on the perma
frost regime in Alaska. Some of the potential environmental and societal consequences
for Alaska are also noted.

INTRODUCTION

Results of recent studies by climatologists (e.g.,
NAS 1979, 1981) demonstrate that the generally
increasing C 0 2 content of the atmosphere could be
accompanied by warming of the earth. Warming in
high latitudes would be greater than in temperate
regions. Present climate models (Watts 1980) suggest
an increase in the surface air temperatures in high
latitudes of roughly 3° to 6°C, for a doubling of the
C 0 2 content of the atmosphere. Changes in the
thermal regime of the permafrost that would follow
warming of the air temperature at the surface are
difficult to predict because of other likely changes in
vegetation, snow cover, etc., that make it difficult to
predict the ground-surface temperature which is the
upper thermal boundary condition for permafrost.
Gold and Lachenbruch (1973) have noted that
permafrost profiles on Alaska's North Slope show that
the permafrost has warmed by ** 2°C or more during
the last century, probably in response to warmer air
temperatures. Fairbanks' average yearly air tem 

*T.E. Osterkamp: Geophysical Institute, University of Alaska,
Fairbanks, Alaska.

peratures have been substantially warmer than the
long-term mean during the past 6 years. The cause of
this very recent warming in interior Alaska is unknown
as is its areal extent and magnitude; however, it
appears to be associated with changes in circulation
patterns over southern and interior Alaska. A similar
warming which has occurred on Alaska's North Slope
since the late 1960s appears to be associated with
changes in air temperature when the cooling trend
between 1940 and the mid-1960s reversed (Vinnikov
et al. 1980).
No attem pt is made here to analyze the recent
warming trend nor to speculate whether or not it will
continue. It assumes a 3°C climatic warming in Alaska
and then seeks to define the potential impact of this
warmer climate on permafrost. It also mentions some
of the potential environmental and societal conse
quences for Alaska. It is assumed, for simplicity, that
a 3°C warming in surface air temperature will produce
a corresponding 3°C warming in the ground-surface
temperature, although it is recognized that possible
changes in climatic conditions such as snow-cover
depth, winds, vegetation, etc. may give rise to greater
or lesser changes in ground-surface temperature. Con
tinuous and discontinuous permafrost areas are
treated separately.
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CONTINUOUS PERMAFROST ZONE

The continuous permafrost zone in Alaska includes
the Brooks Range and the northern half of the Seward
Peninsulg (Ferrians 1965). Permafrost in this area is
thought to be continuous in lateral extent except for
thawed areas associated with large lakes, rivers, and hot
springs. Permafrost thickness generally ranges from
100 m to 660 m (Ferrians 1965, Osterkamp and Payne
1981). Brown and Andrews (in press) have suggested
that thaw lakes, coastal processes (e.g. coastline
erosion), eolian activity, and vegetation will be sensi
tive to climatic change. The effect on the permafrost
would be to warm it and, possibly, to change the
depth of the active layer. To be more specific, it is be
lieved that thaw lakes may expand or contract de
pending on the water balance; that coastal erosion
rates will increase, sacrificing more land to the ocean;
and that tundra areas will shrink in size with vegetation
characteristic of the taiga being established in some
areas that are presently tundra. The continuous perma
frost zone will be reduced in area. Increased tem
peratures in the permafrost may also increase rates
of gas transfer from the permafrost to the atmosphere.
Geomorphic processes, such as gelifluction, may pro
ceed at increased rates. All of these effects would be
extremely difficult to predict because of probable
changes in surface conditions (esp. vegetation), circu
lation patterns, and precipitation, especially snow.

Figure 1. Thermal warming model for the continuous perma
frost zone (e.g., Prudhoe Bay, k = 50 m 2a_1). The assumed
initial equilibrium temperature profile (t=0) and the final equili
brium temperature profile at t=too, with a permafrost depth of
Xoo, are shown with the approximate temperature profiles for
t=10, 100, 600 and 1800 years. Melting at the base o f the
permafrost amounts to ^ 3V6 m during the first 1800 years and
is neglected in this graph.

If the climate warming causes an increase in sea
level, as predicted by Bentley (in press), then part of
the coastal plain on the North Slope would be inun
dated by sea water. The impact on petroleum-pro
ducing areas could be very serious (resulting in possible
reduced revenues to the State of Alaska) since most
of these areas are at very low elevations. Even a small
increase in sea level would probably be disastrous to
native villages along the coasts of the Beaufort,
Chukchi, and Bering Seas. Ports such as Anchorage,
Juneau, Nome, or Kotzebue would also be threatened.
Even if the sea level does not rise, settling due to
thawing in low-lying areas of discontinuous permafrost
along the Chukchi and Bering Sea coasts could still
cause local flooding.

sponse of the permafrost slab to the new boundary
condition is described by the heat conduction equation

dx2
where

k

k

(t> 0,0< x< X )

dt

(1)

is the thermal diffusivity of the permafrost.

The boundary conditions require

A more quantitative measure of the potential im
pact on permafrost and the time scales involved can be
determined by considering the following preliminary
thermal analysis. The thermal model used for the
continuous permafrost zone is shown in Figure 1. It
is assumed that a steady-state temperature condition
has prevailed until time t = 0; and at t > 0 the surface
temperature changed instantaneously from T0 to Ts
where Ts < Tb, the melting temperature of the perma
frost. The base of the ice-bonded permafrost is at x =
X at time t = 0, and its temperature is T^. The re-

T(0,t) = T

s

T(X,t) = Tb

(2)
(3)

with the initial conditions given by
T(x,0) . (t 0- Ts) ( l 4 ) ♦ Ts + ( r b- Ts) £ .
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(4)

Equation 1 can be solved by superposition so that
T(x,t) = Tj (x) + T2 (x,t)

The heat balance at the permafrost base is
T . dX
„ dT
-“ • a r = i - K-f dx

(5)

(9)
x=X

where
T, (x) = Ts . (Tb-Ts)

X

(6 )

X

The remaining time-dependent part of the solution
can be obtained by separation of variables and cal
culation of the Fourier coefficients consistent with the
boundary conditions so that

where
L is the volumetric latent heat of the permafrost,
<t> is the porosity,
q is the geothermal heat flux, and
Kf is the thermal conductivity of the permafrost.
A steady-state heat flow, q, to the base has been
assumed.
Substitution of Eq. 5 in Eq. 9 gives the rate of
melting of the permafrost base.

-n2 it 2

2 (T o - T s )
T 2 (x,t) =

7r

In= l i

4r

• sin

n7rx

X

(7)

dX
l
Kf(Tb - Ts) 2 K f(To - T s)
eft” “ L<t> q X
X

E <-1)n

n=l
where n is an integer and the time constant

_

X2
4k 9

-n 27r2
4r
( 8)

( 10)

Figure 2 is a graph of Eq. 10 for conditions similar to
those at Prudhoe Bay with q = 1.72 x 106 J(m 2a)*1,
L$ = 1.2 x 10+8 J-m"3, Kf = 10.6 x 107 J(ma°C)‘1,
X = 600m, Tb = -1°C, Ts = -8°C, T0 = -11°C and r «
1800 years. This graph shows that the melting at the
permafrost base (x=X) does not begin until the surface
thermal disturbance has propagated to X which
requires a time period on the order of O.lr or more.

depends only on the permafrost thickness and its
thermal diffusivity.
A full description of this type of approach, applied
to the problem of thawing of subsea permafrost is
given by Lachenbruch and Marshall (1977). Additional
details will not be given here. T(x,t) is graphed for
several times in Figure 1. Table 1 shows values for r
calculated using Eq. 8 for several permafrost thickTable Is Values for r = X 2/4 K, in years, for fine-grained soils
( k = 38 m2-a"1) and coarse-grained soils ( k = 5 0 m2-a-1).
X
Soil Type

25 m

50 m

100 m

400 m

600 m

1053
800

1800

r
Fine-grained
Coarse-grained

4.1
3.1

16.4
12.5

66
50

nesses. The time constant r is associated with the time
required to approach an equilibrium condition from an
initial state with the surface temperature at T0 - Ts and
the permafrost base at 0°C to a final state with Ts =
0°C and a nearly uniform temperature of 0°C.

Figure 2. Melting rate, -dX/dt, at the ice-bonded permafrost
base for the model and thermal parameters shown in Figure 1.

The melting rate increases rapidly for O.lr < t < r. For
t > r, the summation on the right side of Eq. 10 ap-
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proaches zero and, for times much longer than r,
-dX/dt = 0.43 cm a _1. For t < r the total melting at
the permafrost base amounts to about 3-4 m which
justifies using this approach. The new equilibrium
thickness, x = X ^, is 420 m and would be reached in
about 3-4 x 104 years assuming no further changes in
surface temperature during this period.
This preliminary thermal analysis shows that the
major changes expected in the 600-m thick permafrost
at Prudhoe Bay, as a result of a ground-surface tem 
perature increase of +3°C, are a general warming of the
permafrost at all levels and melting at the base of the
permafrost until it thins to a new equilibrium thick
ness. The warming of the permafrost would begin im
mediately, but the time required to reach a new equili
brium thickness would be several tens of thousands
of years. This analysis is not very realistic in that it
assumes a sudden change in surface temperature. It is
also known that the surface temperature has already
warmed 1.8°C at Prudhoe Bay during the last century
(Gold and Lachenbruch 1973). These effects are being
incorporated into a somewhat more realistic model;
however, the results are not yet available.

Figure 3. Thermal warming model for the discontinuous perma
frost zone (e.g., Fairbanks, K=50 m2-a_1, X=25 m). It is assumed
that the warming occurs in two stages where the ground surface
warms from -0.4° to 0°C in the first stage and from 0 to +2.6 C
in the second stage where the first stage lasts for r ~ 3-4 years.
The temperature profiles are shown for time t=0, O.lr, 0.4r,
r, lOr, and t qq.

The solution

DISCONTINUOUS PERMAFROST ZONE

-n 27r2
4t

The discontinuous permafrost zone in Alaska in
cludes most of Alaska south of the Brooks Range
(Ferrians 1965) except for the Alaska Peninsula and
Southeast Alaska, although permafrost may occur in
these latter areas at high elevations. Permafrost in this
zone is thought to be generally discontinuous. Perma
frost may range up to 200 m or more in thickness in
the northern part of the zone and generally thins to
the south. Some of the permafrost in southern Alaska
appears to be relict, surviving from earlier and colder
climates.

- sin

n7rx

X

(11)

n=l
is graphed in Figure 3 for several times during the first
warming stage for conditions characteristic of coarse
grained soils in interior Alaska. Except for surface
thawing, the value of r and other time and length
scales, the results for thin and thick permafrost are
qualitatively similar. Table 1 shows that, for thin
permafrost in interior Alaska (X = 25 m), the time
scale required to bring the permafrost slab to tempera
tures very near its melting point is t = r « 3 - 4 years.
For t > r, any additional heat supplied to the perma
frost will cause melting of the pore ice.

A more quantitive understanding of the effects of a
3°C warming of the ground-surface temperature on
permafrost in the discontinuous zone can be obtained
by considering the following preliminary thermal
analysis. The model assumed for permafrost warming
at sites in the discontinuous zone is one where the new
surface temperature exceeds the melting temperature
of the permafrost as shown in Figure 3. The warming is
considered to occur in two stages: in the first, the sur
face temperature warms instantaneously from T0 to
Ts = 0°C, with the permafrost base also at T^ = 0°C,
and remains there for a time t ^ r, this is followed by a
second warming from Ts = 0°C to Ts > 0°C which
occurs for the time t > r. During the first stage, the
temperature profiles in the permafrost can be obtained
by solving the heat conduction equation as before.

The rate of thinning the permafrost from below
can be obtained from the heat balance at the perma
frost base
T _ dX _

v

dT

L * a r =ci ' K f s r

( 12 )
x=X

Substitution of Eq. 11 into Eq. 12 yields
dX _ 1
dt
L4>

£ < - ‘ >n

n=l
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Figure 4 is a graph of Eq. 13 for gravel soils and condi
tions appropriate to some interior Alaska sites (i.e. L<F
= 1.2 x 10* J-m '3, Kf = 10.6 x 107 J K C ) ' 1, X =
25 m,
= 0°C and T0 = -0.4°C). It is assumed that
the heat flow, q, is the same as at Prudhoe Bay.

The thickness of the remaining permafrost at any
time can be obtained by combining Eqs. 13 and 16.
Apparently 185 years or about 2 centuries would be
required to totally thaw 25 m of coarse-grained perma
frost with the assumed conditions. The final tempera
ture profile would be that shown for to o in Figure 3
which would be parallel to the subpermafrost tempera
ture profile at t=0. This assumes no further modifica
tions of surface temperatures during the period
0 < t< t oo.
The above preliminary thermal analysis for the
assumed model shows that a relatively short time
(r =X2/4 k) will be required for the permafrost in the
discontinuous zone to approach the melting point.
In thin permafrost (X = 25 m, T0 = -0.4°C), characteri
stic of some interior Alaska sites, r ^ 3-4 years. Thaw
ing from the top may be expected once the mean
annual ground-surface temperature exceeds 0°C or the
equilibrium temperature of the permafrost, T^. When
the mean annual ground-surface temperature Ts =
2.6°C, the thawing depth X1 ~ 1.64 /T. Thawing at
the base of thin permafrost (X = 25 m) approaches an
asymptotic value of 1.46 cm-a"1 for times greater
than r. Less than 2 centuries would be required for
this thin permafrost to thaw completely. While the
exact predictions of this preliminary permafrost
warming and melting model are subject to its simpli
fying assumptions, the model does yield first-order
estimates of the rates and time scales of the warming
and melting processes in permafrost in the discon
tinuous zone.
As in the continuous zone, the effect of a 3°C
warming in surface air temperature on the permafrost
would also be difficult to predict because of probable
changes in surface conditions (vegetation), circulation
patterns, and precipitation, especially snow. If the
warming produces a similar change in the ground-sur
face temperature, then the thawing of the permafrost
from above and below would have very serious conse
quences for the environment and for society in Alaska.
Since most of the permafrost in the discontinuous
zone is warmer than -3°C, then most of this permafrost
would be expected to eventually disappear! Although,
as noted above, many centuries would be required for
the permafrost to disappear totally, increases in the
thickness of the active layer and thawing from the top
would begin to take place soon after the warming
starts. These changes in the near-surface permafrost
would have an enormous impact on human activities.
Where the permafrost contains massive ground ice
or is ice-rich, settling due to thawing would occur.
Such settling is presently responsible for damage to
houses (Figure 5), roads (Figures 6 and 7), airports,
and other structures when these structures cause an
increase in surface temperatures and thawing of the
underlying permafrost. The amount of thaw settlement

Figure 4. Melting rate, -dX/dt, at the ice-bonded permafrost
base for the model and thermal parameters shown in Figure 3.

Apparently only 4 to 5 cm of permafrost may be ex
pected to melt at its base during the time period
0 < t < r. For times much greater than r
" H T * " l ¥ = 146 c m -a l

(14)

During the second stage, t > r, it is assumed that
the surface temperature warms instantaneously to
Ts > 0°C. The depth of thaw during this stage can be
calculated using the Stefan formula
V ~TfT

D r - ( V Tb )'

<15)

which reduces to
X 1 « 1.64 / T

(16)

for Kt - 6.2 x 107 J (m a°C)'1, Ts = +2.6°C and T0
= 0°C and the conditions assumed above where X 1 is
in m and t is in years. Equation 15 shows that when
the mean surface temperature exceeds 0°C the perma
frost will begin to thaw from the top downward with
the temperature profiles resembling those in Figure 3
for t > r. The model assumes that the temperature
profiles near the surface (0 < x < X) are linear; how
ever, in reality, annual surface-temperature variations
and the presence of an active layer would make them
highly nonlinear.
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Figure 5. House damage caused by thaw settlement of ice-rich
permafrost in the Fairbanks area.

Figure 6. Lateral road cracking near Fairbanks. The cracks form
when thaw settling along the edge of the fill places the road bed
in tension (Alaska DOT&PF, Research Section photograph).

Figure 7. An example of a road depression caused by thaw
settlement along Farmers Loop Road near Fairbanks (Alaska
DOT&PF, Research Section photograph).

could exceed several meters of vertical settling of the
ground surface in ice-rich areas. An increase in the
ground-surface temperature may also increase the rate
of thawing of relict permafrost and permafrost which
has already been thermally disturbed by roads,
buildings, houses, and other structures. Subsequent in
creased thaw settlement would create severe main
tenance and repair problems. It is probable that some
structures and roads would have to be abandoned or
rebuilt.
Thaw settlement would also create an uneven sur
face relief called thermokarst topography which is
produced by the settling that occurs when massive
ground ice and ice-rich soils thaw. The thermokarst
areas can have an uneven surface relief as shown in
Figure 8 and are sometimes swamp-like, depending
on the terrain, so that human activities (e.g. farming

Figure 8. Thermokarst in the local Fairbanks golf course.

and mining) in such areas would probably be severely
restricted. Thaw settlement could also be expected to
alter drainage patterns and to change the course of
small streams and some rivers.
Erosion and redeposition on sloping permafrost
terrain could also be a serious problem. Slopes that are
presently stabilized by virtue of being frozen may
become unstable upon thawing, increasing the poten
tial for erosion and the danger of landslides (Figure 9).
Erosion of lake and reservoir shorelines and river
banks (Figure 10) may be expected to increase because
of permafrost thawing and a longer open-water season.
The increased sediment transport in rivers would
probably shorten projected lifetimes for hydroelectric
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Figure 10. Undercutting of an ice-rich river bank in permafrost
terrain. At some point the bank will collapse dropping the icerich soil, overburden, and vegetation into the river.
Figure 9. An example of slope instability along the Steese High
way near Fairbanks.

NEEDS FOR RESEARCH
A statement of the needs for research associated
with potential C 0 2 warming in permafrost terrain in
Alaska has already been made (e.g. Brown and An
drews, in press). In general, present research needs are
for measurements and analyses of the thermal regime
of the permafrost. Permafrost is nearly an ideal ma
terial to use for monitoring surface temperature
changes since, with the pore water frozen, the thermal
regime is not affected by pore-fluid motion. This fact
allows a direct application of purely conductive heat
transfer models. The active-layer thickness and tem
peratures should be established at a number of sites
throughout Alaska. Additional data are needed on the
thermal regime through the permafrost section. A
variety of geological, climatological, and physical
settings should be included in the study sites. Much
could be learned by studying past climate in Alaska
and changes in permafrost indicators (e.g. thaw lakes,
geomorphic features, ground ice, etc.). Additional
research is needed to define the magnitude of C 0 2
sources and sinks in permafrost terrain (e.g. peat,
degrading permafrost, etc.), and to define gas-transport
mechanisms and rates through permafrost.

projects sited on the rivers, due to possible increased
wear on turbines and increased settling rates of dams
on permafrost. Changes in the mass balance of glaciers
may compound the erosion and sedimentation
problems and would also affect the availability of
water for hydroelectric power generation. These
potential changes in the Alaskan environment would
have a direct impact on the state of Alaska's, LongTerm Energy Plan (1982), not only for hydroelectric
power but for other power systems as well.
If precipitation stays the same as present, then
Alaska should become drier due to a longer evapora
tion season, thus hindering agricultural development.
However, if the summer climates are longer and
warmer, but also wetter, then agriculture might
flourish, although it would be affected by thermokarst
topography. Changing circulation patterns could make
some areas drier and some wetter. Changes in the sur
face topography, river courses, precipitation patterns,
timing of the freeze-up and break-up of lakes and rivers
etc., could affect movements and survival of large
mammals such as caribou, moose, and sheep on which
many Alaskans depend for food. These potential
environmental changes would have a direct bearing on
the present questions involving substistence use of
Alaskan game animals. Increased erosion and altering
of stream channels may also affect the reproductive
success of salmon.
Such drastic changes as noted above have the
potential for seriously disrupting the social, political
and economic systems in Alaska!

CLOSURE
It is clear that a warming of +3°C in Alaska would
cause widespread thawing of permafrost in the discon
tinuous zone and substantial changes in the continuous
zone. This warming would have enormous environmen
tal and societal impacts! The degree of impact would
hinge on the exact magnitude of the temperature
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tions and allow the state of Alaska to respond in a
timely and appropriate manner. O

change and the time scale over which it occurs. While
these factors cannot be predicted accurately, the pre
sent evidence suggests that warming is likely to begin
soon. In the light of such evidence, it would be pru
dent for Alaska to establish long-term studies which
should include monitoring of climate indicators
(such as permafrost and permafrost-related features,
snow cover, sea ice, vegetation, etc.), studies of past
climate in Alaska and analyses of present climate
trends. Long-term, relatively low-level research pro
grams would provide a continuing update of condi
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Observed and Predicted Effects of Climate Change
On Wolverine Glacier, Southern Alaska

L. R. Mayo and D. C. Trabant*

ABSTRACT
A small but hydrologically significant shift in climate occurred during the study
period of 1967-1981 in the glacier-clad mountains of southern Alaska. Air-temperature
and glacier snow-and-ice balance measurements taken continuously show that air temper
ature increased abruptly in 1976 and was accompanied by substantial glacier growth.
This measured relationship is contrary to the generally accepted hypothesis that glaciers
diminish as climate warms.
A simple temperature-driven model of glacier balance is proposed. As temperature
increases from very cold to very warm, the model predicts that glaciers grow, stabilize,
recede, stabilize, grow rapidly, stabilize, and finally recede rapidly. For Wolverine Glacier,
the annual air temperatures producing stability are -11 C, -2 C, and +5 C. Prior to 1976,
Wolverine was stable at -2°C annual average air temperature. Glacier-fed river runoff is
also expected to vary with both changing temperature and glacier size in a complex but
understandable manner.

fluenced to a great degree by the processes of in
stability at the termini of calving glaciers (Post 1975).
The response of glaciers to variations in weather has
been the subject of both speculation and study for
more than 100 years. Substantial disagreement has
occurred at times (R.F. Flint 1957, p. 504) between
those who argue that glacier growth is produced by
cooling and reduced melting and those who contend
that glacier growth, to a point, is caused by warming
and associated increased circulation, humidity, and
snowfall. Potentially im portant studies tend to be
inconclusive. In some cases they have concentrated on
summer-season glacier data. In other studies the rela
tionship of climate variability to data collected have
not been analyzed. A commonly held hypothesis dis
cussed recently by Etkins and Epstein (1982, p. 297),
and many others previously, is that global heating
causes glaciers and icesheets to melt and sea level to
rise. These ideas can be tested with climate and balance
data from Wolverine Glacier, southern Alaska.
Air temperature, precipitation, glacier balance,
snow accumulation, snow and ice ablation, refreezing

INTRODUCTION

Glaciers are interesting places to study climate
change; they grow and shrink rapidly because they
may be sensitive to even minor or short-term shifts in
climatic state. Because glaciers may be sensitive, a
long-term change in climate has the potential of
producing drastic changes in glaciers and related large
changes in river discharge and sea level.
C.J. Heusser (1960, p. 195) suggested that Hypsithermal glacier advances in Glacier Bay, Alaska were
caused by episodes having warmer and more humid
conditions than at present which, in turn, resulted in
increases in snowfall in the high mountains. Even
though the effects on snowfall due to temperature and
humidity are probably valid, the fluctuations of
glaciers in Glacier Bay were undoubtedly also in
*L.R. Mayo: U.S. Geological Survey, Water Resources Division,
Fairbanks, Alaska.
D.C. Trabant: U.S. Geological Survey, Water Resources Divi
sion, Fairbanks, Alaska.
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Ideally, we would like to perform carefully con
trolled experiments on climate and glacier balance to
provide the best possible information about the
long-term implications of significant changes in climate
on glacier behavior. But because the systems are large,
the only studies involve measuring and analyzing
naturally occurring, short-term, minor changes in local
climatic states. Inevitably, such analyses must be
extended far beyond existing data if we are to predict
the effects of a substantial climatic change. At the
same time, these data are part of the growing record
from which, ultimately, an actual climate change and
its real effects will be measured.
The primary influence of C 0 2 on the climate is
expected to be a greenhouse-effect warming of the
atmosphere (Budyko 1969, Manabe and Wetherald
1980). Therefore, this analysis is to examine the
relation of glacier balance to temperature.

of melt water within a glacier, and liquid runoff have
been measured since 1966 by the U.S. Geological
Survey at Wolverine Glacier (lat 60°24’ N., long
148°55’ W) on the Kenai Peninsula of southern Alaska.
Wolverine Glacier is 17.7 km2 in area and flows from
1,700 m to 400 m altitude (fig. 1). The average
equilibrium altitude of the glacier is 1,150 m.

MEASURED TEMPERATURE AND BALANCE
Air temperature and precipitation are recorded by
an instrument at 1,000 m altitude on a flat tundra area
located 500 m from the glacier. Temperature at this
site is not affected by drainage winds from the glacier.
Air-temperature records are obtained with a watertemperature recorder modified to sense -40° to +50°C
air temperatures. The recorder has operated since
1967 with servicing required three times each year.
The instrument calibration is checked each visit against
the same high-quality bulb therm ometer to ensure a
consistent record. Temperatures reported here are
averages from the continuous temperature trace
rather than from maximum and minimum tempera
tures as reported by the U.S. National Weather Service.
Terminology regarding climate in this paper follows
recommendations of the U.S. Committee for the
Global Atmospheric Research Program (1975, p.
19-20).
The “Hydrologic Year” on Wolverine Glacier can
be divided into two seasons, an 8-month winter season,
October through May, when the dominant surface
process is snow accumulation, and a 4-month summer
season, June through September, when ablation
(melting of snow and glacier ice) predominates.
During the month of May, nearly all precipitation
arrives as wet snow even though the average tempera
ture is slightly warmer than 0°C. The small amount
of surface meltwater in May is recaptured by the cold
snowpack below. Therefore, May is hydrologically
part of the winter accumulation season. The average
date of the maximum balance (end of accumulations
season) is June 6. The summer season ends when the
rate of snow accumulation exceeds the rate of snow
and ice melt and the glacier reaches a minimum
balance for the year. The average date of the balance

Figure 1. Areal distribution of Wolverine Glacier, Alaska, as a
function o f altitude above sea level. An air-temperature recorder
is located near the glacier at 1,000 meters altitude. Areal dis
tribution o f Wolverine Glacier if increased 80 meters in thick
ness labeled “hypothetical glacier.”
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minimum is September 18.
The annual balance, b , of the glacier is simply the
change in snow and ice mass from October through
September averaged over the glacier surface and
expressed in units of depth as water equivalent. The
balance is the result of the annual accumulation, c ,
minus the annual ablation,’ aa :

Thus, there are measurements of both glacier
balance
and
climatic variability
during two
hydrologically different periods: one with glacier
stability and another with rapid glacier growth (fig. 2).
The summer temperature, Ts, overall shows a relatively
insignificant trend toward warming. The winter periods
however, averaged 2.2°C cooler prior to 1977 than
since. As a result, the average annual air temper
ature, Ta, was 1.6°C warmer from 1977 to 1981
than it was during the period from 1968 to 1976.
Measurements at Wolverine Glacier thus far in
dicate that:
1. Winter temperature is more variable than
summer temperature or annual temperature.
2. Winter accumulation is more variable than
summer melting.
3. As the mean annual temperature rises, the
difference between summer and winter temper
ature decreases.
4. Increased winter-snow accumulation and posi
tive balances occurred during years of warmer
temperatures.
The often-stated idea that glaciers thin or shrink as
the climate warms is not supported by the measure
ments of glacier balance and climate at Wolverine
Glacier. More importantly, the measurements indicate
that rapid glacier growth can indeed accompany
climatic warming primarily because large amounts of
precipitation occur as snow during the warm winters.
That winter precipitation increases with temperature is
expected because warm temperatures are associated
with airflow from the south during storms and also
because warm air is capable of carrying more dissolved
moisture into the mountains than is cold air. The
surprise is that glacier melting did not increase suffi
ciently to offset the increased snow precipitation
during these warmer years.
These results suggest that a balance model can be
developed using temperature as the only independent
variable. This type of predictive model could provide
a preliminary estimate of the effects of climatic change
on glaciers of southcentral Alaska.

Balance is measured directly at stakes placed in the
glacier, whereas accumulation and ablation are
interpreted from the balance data. Generally, 90-95
per cent of the annual accumulation occurs during the
winter period. A similar proportion of the annual
ablation occurs during the summer period.
The seasonal balance amplitude has changed. From
1965 through 1976 the glacier existed in relative
equilibrium with the climatic state for that period (fig.
2). A net thinning of only 0.9 m occurred over the
11-year interval, and the average seasonal balance
amplitude was 2.0 m. Since 1977, the glacier has
thickened substantially, 8.2 m in the 5-year period,
an average rate of 1.64 m/a (meters per year). Both the
annual accumulation rate and the annual ablation rate
were greater during the later period than during the
pre-1977 period, resulting in a seasonal balance ampli
tude of 3.0 m. The glacier thickened because snow
accumulation increased more than melting.

TEMPERATURE-DEPENDENT BALANCE MODEL
A prediction for Wolverine Glacier balance given a
much warmer or colder climate than at present re
quires extrapolations far beyond existing measure
ments. A temperature-driven model is presented here.
In the future, more accurate modeling may be possible
if both air-temperature changes and precipitation
changes under new climatic conditions can be spec
ified.
The object of the relatively simple model described
in this paper is to predict annual glacier balance as a
function of annual average air temperature only. This

T IM E , IN H Y D R O LO G IC YEARS

Figure 2. Snow and ice balance of Wolverine Glacier measured
since 1965; winter (Oct-May) average temperature, Tw ; summer
(June-Sept) average temperature, Ts ; and annual (Oct-Sept)
hydrologic year average temperature, Ta. A cool period and
a warm period are separated by the dashed line. Solid circles
indicate annual temperatures during warm period; open circles,
cool period.
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expect that this difference could be less than about
6°C or greater than 15°C for the Kenai Peninsula.
Therefore, for the purposes of this paper, summer
temperature is limited to being 4°C to 10°C warmer
than annual temperature, and the winter temperature
is limited to being 2°C to 5°C colder than the annual
temperature.
Annual accumulation of snow, ca, correlates only
roughly with winter average temperature (fig. 4); about
39 per cent of the variability can be predicted by
temperature alone. Precipitation as snow is also a
function of storm frequency, average position of the
polar front, airmass source area, frontal activity, etc.
It is possible that warmer winter conditions in the
North Pacific area cause an increase in storm strength
and frequency. Even though a clear cause-and-effect
link cannot be stated, it is nevertheless im portant to
note that high rates of glacier accumulation are
associated with average winter temperatures that are
only a few degrees cooler than 0°C, and that, even
though the coefficient of determination is low, the
hypothesis that the slope of the line is negative (the
usual wisdom) is not the case at Wolverine Glacier.

is accomplished by a three-step process: first determine
summer and winter temperatures expected for any
given annual temperature; then derive glacier accumu
lation rate from winter temperature and ablation rate
from summer temperature; and conclude by calculat
ing annual balance for the given annual temperature
from the derived accumulation and ablation rates.
Observed changes in annual average temperature at
Wolverine Glacier are caused primarily by changes in
winter temperature, not only because the winter
season is longer than the summer season, but also
because winter temperatures have been more variable
than summer temperatures (fig. 3). Even though the
data indicate that the difference between summer and
winter temperatures decreases markedly with increas
ing annual temperature, we believe it unreasonable to

W o lv e rin e G la c ie r , A la s k a

C**~7,8+0.78TlAM

r 2~0.39

WINTER AVERAGE TEMPERATURE, Tw ,
IN DEGREES CELSIUS

ANNUAL AVERAGE TEMPERATURE, Ta ,
IN DEGREES CELSIUS

Figure 4. Comparison of annual snow accumulation with winter
average temperature. Airmass source and storm frequency are
important other unanalyzed variables required to fully explain
the variation in snow accumulation. Standard error of estimate
dashed. Solid circles indicate data during the 1977 to 1981
warm period; open circles, the 1968 to 1976 cool period.

Figure 3. Seasonal average temperatures as a function of the
annual average temperature for each year during the 1968 to
1981 period. Solid circles indicate data during the 1977 to 1981
warm period; open circles, the 1968 to 1976 cool period. Solid
lines are the linear regression trend lines, dashed lines are
estimated temperatures expected if the climate changes. Breaks
in the slope of the estimated temperatures are where the mea
sured relations intersect the expected maximum and minimum
seasonal temperature fluctuations. Annual temperature is shown
as a function of itself as a reference of relative temperature
difference.

Annual ablation of snow, firn (snow more than one
year old), and glacier ice, aa, correlates reasonably well
with summer average temperature (fig. 5) because both
ice melt and warm air are caused primarily by solar
radiation. Although this is neither a new nor an unex-

117

Z

4

-

LD
(0_J
<0 <

o

o 3

H W

< C

5< <•" 2
D OC

Z
Z
<

UJ
H UJ 1

0
AVERAGE SUMMER TEMPERATURE, 7^,
IN DEGREES CELSIUS

Figure 5. Comparison of annual ablation of snow and ice with
summer air temperature. Solid circles indicate data during the
1977 to 1981 warm period; open circles, the 1968 to 1976 cool
period.

pected result, the data are required for glacier-balance
modeling in Alaska.
Overall, the annual glacier balance correlates
poorly with annual temperature (fig. 6) because for
any given year during the measurement period there
was little chance that warm summers occurred with
warm winters. Therefore, a limited data set, 14 years,
proved to be too short a period to establish a welldefined relation between annual temperature and
annual balance. Nevertheless, it is clear that the snow
and ice balance at Wolverine Glacier tends to increase
directly with temperature in the observed temperature
range.
Several simplifying assumptions are made to
formulate a temperature-dependent glacier-balance
model. First, both summer and winter average tem p
eratures are assumed to change concurrently. This
assumption becomes increasingly valid given large
climate changes and longer time intervals. As glacier
balance is a cumulative function, at the end of a long
period it matters little whether or not temperatures
change concurrently each year. The measured as well
as estimated seasonal temperatures for the model are
summarized in Figure 3. Second, it is assumed that
balance changes are associated with temperature
changes in a manner that is consistent with the
measurements to date. An im portant limit on our
predictions is that radically changed temperatures
could produce presently unforseen meteorological
conditions.
The dependence of both accumulation and
ablation on temperature must be estimated well
beyond present data but not simply by linear extra-

AVERAGE ANNUAL TEMPERATURE, Ta ,
IN DEGREES CELSIUS
Figure 6. Annual snow and ice balance as a function of the
annual average air temperature. Solid dots indicate data during
the 1977 to 1981 warm period; open circles, the 1968 to 1976
cool period.

polation alone. If winter temperature cools, accumu
lation undoubtedly would approach zero asymp
totically rather than reaching zero at Tw = -9°C as the
linear regression indicates. Furthermore, it is clear that
accumulation cannot increase indefinitely with warmer
temperature because winter precipitation, no m atter
how abundant, would change from snow to rain.
We estimate (fig. 7) that maximum winter snowfall
occurs at a winter average temperature of about 0°C.
Snowfall changes to rain at about 1.7°C. Snow accu
mulation would undoubtedly decrease with further
rising temperature. At Wolverine Glacier little snow
would occur if winter temperatures rose above about
10°C. The top of the glacier is 700 m higher than the
air-temperature gage. The lapse rate averages
-0.0055°C/m, so temperatures are about 4°C colder at
the head of the glacier. Also, January is about 5°C
colder than the winter average temperature. Therefore,
a small amount of snowfall would occur even if the
winter average temperature were +10°C. Based on the
above considerations, we extrapolate ca as a function
of Tw with a smooth curve as shown on Figure 7.
Consider ablation next. The data indicate by
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The model indicates that there are four tempera
ture regimes which would cause changes in glacier
volume between the three temperatures producing
equilibrium balance conditions. At temperatures colder
than -11°C, the glacier would grow slowly due to low
snowfall rates and lack of ablation. The glacier would
eventually regain equilibrium by extending to a lower
altitude, that is, warmer climate or into the sea, and
thus regain an adequate ablation zone. If temperatures
were between -11°C and -2°C, the glacier would thin
gradually due to a lack of adequate snowfall needed
to compensate for ablation. As recession occurred, the
lower ablation area would be eliminated and the glacier
could regain equilibrium. Between -2°C and +5°C, the
glacier would grow rapidly from abundant snowfall
and would advance until the ablation area increased
sufficiently to produce equilibrium. Finally, if the
climate were warmer than +5°C, the glacier would
shrink rapidly from rapid ablation. High-altitude
remnants of the glacier might persist if the warming
trend were halted; if not, the glacier would eventually
disappear.
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TEMPERATURE, IN DEGREES CELSIUS

Figure 7. Annual accumulation, Ca, as a function of winter
temperature; annual abalation, aa, as a function of summer
temperature; and annual balance, ba, as a function of annual
temperature both measured and estimated (see test) for drasti
cally different climatic conditions. Open circles are calculated
values of balance shown here and relationships of seasonal to
annual temperatures shown in Figure 3.

Glacier-stream runoff
Approximately 80 per cent of the streamflow from
Wolverine Glacier is derived from melted snow and ice.
Ablation correlates well with summer average
temperature, therefore, it seems reasonable to expect
th at climatic warming would produce a relatively
simple increase in streamflow. However, stream runoff
from glaciers is as much a function of glacier size as it
is of air temperature. Wolverine Glacier may grow in
two temperature regimes and shrink in two other
temperature regimes, so the long-term effects of
climate change on runoff become complex.
Stream discharge measured from 1967 through
1978 at Wolverine Creek (U.S. Geological Survey,
1968-79) (fig. 8) correlates moderately well with
summer temperature, T , and the annual average
temperature expected from a given summer tempera
ture, Ta*. Ta *, is determined by inverting the relation
of Ts to Taa(fig. 3), T * = Ts - 6.03/0.36. Approxi
mately 56 per cent or the runoff variability can be
predicted by temperature alone. The remainder of the
variability is due to variability in liquid within the
glacier, heat flow to the glacier not sensed by air
temperature, rainfall, and runoff from nonglacial areas
of the basin. Climatic warming can be expected to
cause an increase in glacier runoff, but year-to-year
variability in rainfall, radiation, cloudiness, and humid
ity will continue to exert im portant influences on
streamflow.
The amount of change in streamflow with tem per
ature is surprisingly low. For an equivalent annual
temperature change of 5°C, the streamflow changes

straight-line regression that zero ablation would occur
near Ts=0°C. However, as part of the glacier is at a
lower altitude than the temperature gage and, as July
is warmer than the summer average temperature, some
ablation could continue to about -5°C summer tem per
ature. On the other hand, there is no reason to limit
the ablation rate, 8 m/a, for the temperature range
considered here. About 10 m/a ablation occurs at
Columbia Glacier terminus today.
The annual balance, ba, for Wolverine Glacier can
be calculated for a wide range of annual air tempera
tures by combining the relation of annual temperature
to seasonal temperatures (fig. 3) with the relations of
seasonal temperature to glacier accumulation and
ablation (fig. 7). The results of this model (fig. 7)
show, at least conceptually, that the relation of
glaciers to climate can be considerably more compli
cated than ordinarily thought. The observed positivebalance response, i.e. glacier balance correlates posi
tively with temperature, apparently has limits between
average annual temperatures of -4°C to +1°C. A positive-balance response is also expected at temperatures
colder than -20°C. From -20°C to -4°C and warmer
than 1°C, the model indicates that the glacier balance
would correlate negatively with temperature, which is
the more commonly anticipated negative-balance
response.
Potentially, the present glacier could be stable or
steady at three different annual air temperatures
-11°C, -2°C, and +5°C.
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years, the glacier could grow in thickness (fig. 7) at the
rate of 2 m/a. By the year 2020, Wolverine Glacier
would increase approximately 80 m in thickness and
the terminus would extend several kilometers further
down the valley (refer to fig. 9), where it would calve
into a large, new, glacier-dammed lake formed by
another glacier which would advance across the Nellie
Juan River assuming a similar response to climate.
Wolverine Glacier would increase from 17.7 km2 to
24.4 km2 , an areal increase of 38 per cent. Most of the
increase in area would occur at low altitude.
The areal distribution of the enlarged glacier was
estimated by drawing a contour map of Wolverine
Glacier in its extended position. Glaciers typically
change thickness most near the terminus and least near
the head, as evidenced by divergent lateral moraines.
We assumed for the purpose of the estimate, that
Wolverine Glacier would increase in thickness four
times more in the lower ablation zone than in the
high-accumulation zone and that surface irregularities
would be smoothed. This map is not reproduced here,
but the area-altitude distribution of the “hypothetical
glacier” is shown in Figure 1.
The annual average air temperature at the thick
ened glacier surface compared with the air-temperature
recording site would be different than it is now
because the glacier would be thicker and have more
area at lower altitude. To assess which of these
opposing influences would be dominant, the effective
surface temperature can be calculated by area by
weighting the temperature-lapse rate for the present
glacier and the future glacier. It turns out that in 2020,
the average surface temperature would be 0.8°C
warmer than in 1981. This change, plus 2.0°C warming
due to the hypothetical climate shift, results in 2.8°C
warming for the purpose of estimating glacier runoff
from ablation.
The average ablation rate at an annual temperature
of -2.2°C was 2.43 m/a (pre-1977) or 43 x 106m 3/a of
water. The year 2020 hypothetical glacier, at an annual
temperature of-2.2°C + 2.8°C = +0.6°C would have an
average ablation rate of 2.86 m /a which, multiplied by
24.4 km2 area, would be 70 x 106m 3/a of water
available from melting. This is an increase of 27 x
106m 3/a in downstream flow due entirely to increased
glacier ablation.
The problem cannot be analyzed further for the
Wolverine Creek drainage basin considered earlier,
because the glacier would have advanced over the
gaging site (fig. 9) and beyond the present drainage
basin boundary. Instead, we will estimate the runoff at
another river-gaging site on the Nellie Juan River
where, from 1961 to 1965 the basin average runoff of
2.47 m/a was measured at a potential hydropower site
(U.S. Geological Survey 1971, p. 166-168). Today, the
344-km 2 basin contains 139 km2 of glaciers, 18 km2
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Figure 8. Annual water runoff, ra, from Wolverine Glacier Basin,
compared with summer average air temperature, Ts, and its
annual equivalent temperature, Ta*. Runoff measurements are
for hydrologic years 1967 through 1978. The basin is 72
per cent glacierized. Solid dots indicate data during the 1977 to
1981 warm period.

only 25 per cent. This low rate of response is due
primarily to two factors. First, under the present
climatic conditions, summer temperature does not vary
as much as annual temperature (fig. 3). And secondly,
the glacier tends to store the high precipitation that
occurs in warmer winters and thus partly cancels the
effects of high precipitation on runoff. Conversely,
the glacier tends to lose mass in dry years and thus
augments streamflow during periods of low precipita
tion. For these reasons, we tentatively conclude that
glacier-fed river discharge is relatively insensitive to
air-temperature change and that glacier-fed rivers may
not serve as a good natural indicator of climate change.
The above discussion of streamflow addresses
short-term effects only. The long-term effects of
climate change on runoff are, unfortunately, not
simple because runoff is a function of both climate and
glacier size; and glacier size is itself a complex function
of climate and glacier dynamics. Although the body of
knowledge required to adequately solve this problem
does not exist, a preliminary analysis of expected
trends is possible. We will develop one possible
scenario of how runoff may change with climate, that
is consistent with existing data.
Consider that if the climatic state (T = -0.2°C) at
Wolverine Glacier measured in 1981 were steady for 40
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(an estimate that increased snowfall compensated for
the decrease in nonglacial area), the predicted runoff
of the Nellie Juan River would be 1.49 m/a nonglacial
runoff; this runoff plus the enhanced glacier ablation
of 1.56 m/a yields a total of 3.02 m/a runoff. With
these hypothetical conditions of climate and glacier
response, runoff from glacier ablation could be 51 per
cent of the total.
By contrast, a short-term warming of 2°C
persisting for only one or several years causes 2.80 m/a
ablation at Wolverine Glacier, or about 1.17 m /a over
the Nellie Juan River drainage. Other runoff compo
nents being equal, this would produce 2.66 m/a runoff.
It is very im portant to recognize that both the
magnitude and the duration of climate change will
affect glacier runoff (see table 1).
Table 1: Glacier ablation and runoff averaged over Wolverine
Glacier, Wolverine Creek Basin, and Nellie Juan River Basin,
Alaska. Directly measured quantities are underlined; others are
estimated; see text for explanation. R unoff data from U.S.
Geological Survey (1971 and 1967-79). Temperature and
ablation data by authors.

Period
modified by authors

Figure 9. Map showing glaciers and lakes of the Wolverine
Glacier and Nellie Juan river Basins, Alaska, as they may appear
after a period of glacier growth. Nellie Juan River gage (A)
operated from December 1960 to July 1965. Wolverine Creek
gage (B) operated from October 1966 to present time, data
available through September 1978. Present glacier margins are
dashed; estimated glacier extent if glaciers increase 80 m in
thickness, solid lines.

Wolverine
Glacier

Wolverine Creek
Basin

Ann.
Temp. Ablation Ablation Runoff
(°C)
2.43
2.80

2020

2.86

0.2

Ablation R unoff

-(m/a)

pre-1977 -2.2
1981
-0/1
-

Nellie Juan
River Basin

3.07
3.43
Ice-covered

1.75

2.02

0.98
1.17
1.56

2.47
2.66
3.02

A full numerical solution of this problem is not
possible with present knowledge, but a summary of the
expected effects of temperature change on river runoff
at Wolverine Glacier and the Nellie Juan River basin
can be estimated by applying the principles already
discussed to large temperature shifts over varying
periods of time (fig. 10). We assume for simplicity that
nonglacial sources of runoff would remain relatively
constant except at temperatures colder than -10°C,
thus variations in the expected runoff for climates
warmer than -10°C are due to variable glacier size and
ablation rate. If a general increase in rainfall in the
basin also occured, the runoff would be greater than
estimated here.
Short-term changes in temperature, less than 10
years, may produce a simple dependence of runoff
with temperature (see fig. 10). Over decades or cen
turies, however, temperature changes may cause either
gradually increasing or diminishing streamflow depend
ing on whether the glaciers are advancing or receding.
For temperatures colder than -11°C, glaciers might
grow slowly and runoff increase slowly, over time, as
more ice flows to lower altitudes.

of which is Wolverine Glacier. Wolverine is 13 per cent
of the total glacier area, and glaciers occupy 40 per
cent of the total basin.
Assuming that Wolverine Glacier was representative
of the other glaciers in the basin, glacier ablation
produced 2.43 m /a x (139/344) = 0.98 m/a or
approximately 41 per cent of the total runoff. Runoff
from other sources, i.e. snowmelt from nonglacial areas
and rainfall over the entire basin, accounted for the
remainder, or 1.49 m/a. Thus, the proportion of runoff
in this maritime climate zone due to glacier ablation
was approximately equal to the proportion of the
drainage basin covered by glaciers.
By year 2020, assuming that Wolverine Glacier
would still be 13 per cent of the total glacier area, the
runoff from glacier ablation would be
70 x 106m 3/as
= 538 x 106m 3/a
0.13
or 1.56 m/a runoff averaged over the basin. Assuming
further that other sources of runoff remain unchanged

121

Figure 10. A runoff variation scenario consistent with existing
data for the Nellie Juan River Basin estimated as a function of
duration of climate and of changing annual temperature at
1,000 m altitude in the basin. The measurement (2.47) and
specific estimates are discussed in the text and shown as data
points. Annual temperatures associated with estimated steady
glacier conditions are shown as dashed lines. Runoff contours
expressed as meters per year averaged over the basin.

If the temperature were between -2° and -11°C,
the glaciers might recede slowly, which may have been
the case from about 1900 to 1976, causing the runoff
rate to decrease slightly as the low-altitude glacial areas
melted away. If temperatures remain between -2° and
5°C, which has been the case from 1976 to 1981, the
runoff is expected to increase as the glaciers advance.
Within several centuries, it is possible that runoff could
almost double. Finally, if the climate warms above
+5°C, runoff would be quite high initially due to high
glacial-melt rates, but as the glaciers retreat rapidly,
this im portant water source would be eliminated
gradually and runoff would steadily decline as the ice
stored in the basin was depleted.
CONCLUSIONS
Debate and speculation over the nature of possible
responses of glaciers to a warming climate has gone on
for a century w ithout a satisfactory conclusion. C.E.
D utton (1884) attem pted to prove beyond any doubt
that snow accumulation decreases as temperature rises
except in very cold, polar climates. Unfortunately, he
presented no observations to support his reasoning, so
the speculation continued. Several authors, G.C.
Simpson (1934), H.C. Hoinkes (1968, p. 7) and C.J.

Heuser (1960, p. 185), to mention a few, recognized
that glacier growth can be caused by increased temper
ature, humidity, and snowfall. Meanwhile, others, such
as R.F. Flint (1957, p. 504), H. Wexler (1953, p.
76-77), attacked this idea partly because they under
stood that higher temperatures cause increased
ablation rates. Data from field studies, including ours
at Wolverine Glacier, support both sides of the
argument, though only in part. Measurements at
Wolverine Glacier show that glacier growth accompa
nies increased air temperature because snow accumula
tion increases with rising temperature faster than does
ablation.
A common theme missed in the glacier-balance
debate has been an equal assessment of the relative
roles of both accumulation and ablation processes
analyzed in the context of the actual variability of
temperature at existing glaciers. The importance of this
is illustrated well by the Wolverine Glacier analysis.
The complex relationship of Wolverine Glacier balance
to annual temperature indicated by the temperaturedriven model proposed here is primarily the result of
the specific relationship of seasonal temperatures to
annual temperature found at Wolverine Glacier. If
different seasonal temperature regimes had occurred,
our model indicates that a substantially different
response of glacier balance to temperature would have
been possible.
Streamflow runoff from glacierized areas is influ
enced primarily by melt rate and glacier size. If an
im portant climate change occurs, glacier runoff would
increase or decrease directly with temperature at first.
However, further changes in streamflow could occur as
glacier size gradually adjusts even though the climate
remained stable. Therefore, measurements of changes
in streamflow from glaciers cannot be used alone to
analyze changes in climate.
In a general way, both the glacier balance (fig. 7)
and runoff (fig. 10) predicted for Wolverine Glacier
under varying climatic temperatures approximate the
glacier hydrology that exists today in other geographic
areas of Alaska. For example, Gulkana Glacier in the
Alaska Range has an average air temperature of about
-5°C and has been thinning and retreating steadily
since before it was photographed in 1910 (Sellmann
1962, p. 31). Apparently, Gulkana and other glaciers
of the Alaska Range are in a climatic “doldrum ” and
are adjusting to the present climate. Wolverine Glacier
would respond the same way to a -5°C annual air
temperature. Futhermore, the measured runoff from
Gulkana Glacier Basin from 1967 to 1978 (U.S.
Geological Survey 1967-1979) was 1.98 m/a after a
period of glacier recession that has lasted for about 90
years. This also is approximately the runoff expected
at Wolverine Glacier should the climate cool to -5°C
for 90 years.
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expected recession of other glaciers and thus reduce or
even reverse the generally anticipated rise in sea level.
Furthermore, the analysis suggests that even large ice
sheets such as Greenland and Antarctica may respond
in surprisingly complex ways to rises in global air
temperature. We suggest that general global warming
could produce a worldwide mixture of glacier growth
and glacier thinning with nonsynchronous advances
and retreats rather than a simple worldwide recession. O

The results from the Wolverine Glacier study
suggests that other glaciers may also respond to major
changes in climate in a similar, complex manner.
Therefore, the generally stated precept that “glaciers
shrink with warming climate” cannot be substantiated
in detail. A C 0 2-induced warming of climate may at
first produce strong growth of Wolverine Glacier and
an unknown number of other glaciers. This glacier
growth would partly compensate for or exceed the
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Land-Ice

Spring Snow Dissipation
In Alaska

David A. Robinson*

ABSTRACT
A regionally parameterized value of absorbed solar radiation at the earth’s surface
of approximately 260 cal cm"2 day"1 was reached immediately prior to periods of rapid
snowmelt and sharply rising temperature in the springs of 1979-1981 over forested and
tundra sections of Alaska. This threshold value, which is a function o f solar insolation,
estimated surface albedo, and a constant atmospheric screening factor, occurred on the
average 42 days later on the North Slope than in the Tanana and upper Yukon River
valleys due to differences in regional albedo ranging up to 45 per cent when fully snow
covered. Intraregional differences in timing were due to snowpack conditioning prior to
threshold attainment, such as advection of warm air into a region or a snowfall event
which, respectively, advance or retard the date by subtly altering surface albedo. Hi^h
temperatures in most cases remained below 5 C prior to threshold attainment, 5-13 C
during rapid snowmelt, and over 13 C following melt. Results are based on analyses
of satellite-image brightness over Alaska and ground-station data during 1979-1981.
A potential CO2 -induced warming in Alaska could result in significantly earlier threshold
attainment if snow depth remains within the range o f present-day values. However, an
increase in the snowpack as a result of warmer, wetter winters could act to delay the
threshold.

INTRODUCTION

indicate that increases in carbon dioxide will lead to
an enhanced rise of high-latitude, spring surface
temperature resulting from the early dissipation of
snow cover (Ramanathan et al. 1979).
We have found a strong association between
temperature and surface albedo during several springs
in Alaska to be a partial function of the amount of
energy regionally available for surface heating, which
in spring is primarily controlled by the extent of snow
cover.

Snow cover is a critical variable in the climate
system, particularly in the high latitudes where the
ground may be snow covered from 6 to 9 months
each year. Snow can have an impact on microclimate,
synoptic weather, and atmospheric circulation (Weller
et al. 1972; Dewey 1977; Kukla 1981; Walsh et al.
1981; McFadden and Ragotzkie 1967; Namias 1962,
1980).
Climate models have shown the snow-albedotemperature feedback mechanism to be a critical
factor in the climate system (Sellers 1969; Budyko
1969; Manabe and Wetherald 1975, 1980). Models also

DATA
Advanced
imagery from
Administration
for the springs
in wavelengths

* David A. Robinson: Lamont-Doherty Geological Observatory
of Columbia University, Palisades, N.Y.
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Very High Resolution Radiometer
National Oceanic and Atmospheric
polar orbiting satellites was examined
of 1979-1981. Sensors record radiation
from .6-.7jum and have nadir resolution

of 1.1 km. Reports of surface air temperature, pre
cipitation, snowfall, and snow depth are from
Climatological Data (NOAA).

PROCEDURE
An image processor was used to measure the sur
face brightness of select regions of Alaska, including
two predominantly forested areas, the Tanana and
upper Yukon valleys, and a portion of the tundracovered North Slope (fig. 1). The processor treats an
image as 307,000 discrete pixels, assigning each a gray
scale value from black (0) to white (255).

RESULTS
An example of the close association between
sharply decreasing surface albedo and rapidly rising
temperatures which was seen in all regions in each of
the three springs is shown in Figure 2. Note that:
1. All averages remain below 0°C prior to the
commencement of melt (decreasing albedo),
with the extreme high only reaching 5°C.
2. Highs during snowmelt average 10°C while lows
remain below freezing.
3. Highs average 20°C and lows above 0°C immedi
ately after the melt is completed.

°C
20

UPPER YUKON
1980

10
0
-10
-2 0

A

M

Figure 2. Surface air temperatures and estimated surface albedo
in the upper Yukon in the spring o f 1980. Albedo measured
over the entire region ( •) or a representative portion of it (O).
Temperatures cover the 14 days prior to albedo decrease, 21
days during melt, and 14 days following melt and include
average highs, means, and lows (heavy stippling) and the
extreme high and low recorded at stations in the region during
the period in question.

Figure 1. Locations of study regions and ground stations.
(U-Umiat, B-Barrow)

Correlation of brightness between images was
achieved by setting portions of each image where
brightness was assumed constant to a fixed brightness
through aperature adjustment of the processor lens
(e.g. tundra in early spring, snow-free forests in late
spring). This technique minimizes differences in
brightness between images caused by atmospheric
variability.

The significance of surface albedo as an active
factor influencing spring temperatures, and snowmelt
in the regions was next investigated. One minus the
daily albedo was multiplied by the daily total insol
ation reaching the top of the atmosphere in a given
region and a constant atmospheric screening factor
of .6 to obtain Q, an index estimating the am ount of
short-wave radiation available for surface heating or
evaporation on a given day. The screening factor was
parameterized from daily solar-radiation data from
Barrow and Fairbanks, reported in Holmgren et al.
(1973) and Dingman et al. (1980), and daily, topof-the-atmosphere insolation data.
Qs were studied in relation to daily high tempera

Adjusted brightnesses were converted to estimated
surface albedos by linear interpolation between a
bright, snow-covered surface with a parameterized
albedo of 80 and dark, vegetated, snow-free land with
an albedo of 13. Regional surface albedo under full
snowcover ranged from 35 per cent in the Tanana
Valley to 80 per cent on the North Slope. Regional
climatic data were derived by averaging reports from
stations evenly distributed within the areas (fig. 1).
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tures as shown in Figure 3. Results covering all 3 years
show the following:
1. In most cases, 3-day averaged maximum tem p
eratures remain below 5°C until Qs reach 260
cal cm"2 /day"1.
2. Three-day averaged daily highs are above 5°C in
the forested regions once a Q of 260 is reached
in all but one case. This is also the situation on
the North Slope once Qs reach 340.

the atmosphere at 70° compared to 64° in mid-April.
This lag gradually diminishes until the latter part
of May, when daily insolation at 70° exceeds 64°.
Thresholds may also be reached on different
dates within a region from year to year. The Q thresh
old of 260 is reached in the Tanana Valley on April 21,
1979; April 12, 1980; and April 18, 1981. Figure 4
shows spring temperatures and albedos for this region
during these years and suggests the timing differences
are the result of various conditioning factors which
affect regional albedo prior to threshold attainment.
For instance, advection of warm air into the region
early in the spring of 1980 began to melt the snow
slowly and decrease the albedo, leading to an early
threshold data. In the same sense, rain and lack of a
heavy winter snowpack can lead to slightly lower
albedos and an early date. None of these factors are
sufficient to result in major temperature or albedo
changes until rising insolation values combine with
the slowly falling albedos to reach a Q of 260. In the
opposite sense, a heavy snowpack, as was the case in
1979, or a major spring snowfall, as in 1981, will delay
the threshold, even counteracting earlier opposite
effects, as in 1981. Threshold-timing differences of 13
days were found in the tundra. In the upper Yukon,
each spring had a similar deep snowpack which may

p

col / c m / d

525

8

°o°8o °
°
I
/**•
°
«•*»».
o ®«W
••
o*
ot
° °
•. ~
•• o
8

.

300

Figure 3. Relationship of temperature to Q in all study regions
during the springs of 1979-1981. Each point represents a 3-day
average of daily maximum temperatures versus the average Q
during the same period. Three-day intervals are between March
20 and May 21 in the two forested regions (•) and April 20 and
June 21 in the North Slope region (O).
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3. Regional surface albedo does not start decreas
ing rapidly until Qs reach approximately 260.
4. During the melt interval, 3-day averaged, daily,
high temperatures remain between 5 and 13°C
in the forested regions and 2 and 10°C in the
tundra.
5. Qs are above 415 once snowmelt is completed.
At this point, highs remain above 13°C in the
forested regions and 5°C on the North Slope.
Spring, maximum, surface-air temperatures in
parts of Alaska are, therefore, largely dictated by the
attainm ent of Q thresholds which themselves are
functions of insolation and albedo.
Averaging the 3 years, a Q of 260 is reached on the
North Slope (~70N) 42 days later than in theT anana
Valley (~64N). This is primarily due to differences in
regional albedo, ranging upwards to 45 per cent when
both are fully snow covered, and not from the 6°
difference in latitude. The 6 degrees am ount to a 6-day
lag in equivalent daily insolation reaching the top of

TEMPERATURE
AND ALBEDO

i20

-20

-

-r20

Figure 4. Surface air temperatures and estimated surface albedo
in the Tanana Valley in the springs o f 1979-1981. Albedo same
as in Figure 2. Daily highs and lows averaged from five stations
within the region are separated by hatching.
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a pattern at Barrow is most likely due to a
combination of a stronger maritime influence
(Dingman et al. 1980) and its higher albedo. The
latter reduces cloudy- and clear-day differences
in daily, net, shortwave radiation at the surface
by increasing multiple reflectons between the
surface and cloud base, thus increasing net
shortwave radiation on cloudy days (Wendler et
al. 1981).

explain why timing differed by only 3 days.
The Q-temperature responses of two local areas on
the North Slope were found to be quite sensitive to
surface albedo changes. Figure 5 shows the similarity
in fluctuations of Q and temperature between the two
50km x 50km blocks in May 1980, prior to the slightly
earlier commencement of snowmelt in the Umiat area.
The advection of an anomalously warm air mass into
the region in late April 1979 caused some melt in both
blocks. The resultant albedo decreases differed be-

DISCUSSION
While the results of this study cover only 3 years,
they provide insight into the potential impact of C 0 2
induced change in the spring climate of portions of
Alaska.
If the depth of the winter snowpack remains w ith
in the range of present-day values and vegetative con
ditions do not change, a significantly earlier thresh
old attainm ent could occur from conditioning factors
operating to decrease snow-cover albedo. Factors
might include present-day, early-spring snowfalls be
coming rain events and, more frequently, advection of
warmer air into a region. As an extreme, w ithout snow
cover a Q value of 260 would be reached by April 3 in
the Tanana Valley and April 11 on the North Slope.
With changes probably falling between present levels
and these extremes, increases in spring temperature
equal to Ramanathan et al.’s (1979) zonally averaged
model results of 5 to 6°C could occur. However, an
increase in the snowpack as a result of warmer, wetter
winters could act to delay or maintain the threshold's
present-day timing.

Barrow (------ ) locales from April 10 to June 15, 1979 and 1980.

tween Barrow and Umiat, leading to higher tempera
tures at the latter, lower-albedo location throughout
May. It is also noted that:
1.T he April 1979 melt did not cause albedos to
fall to levels where Q thresholds were reached.
Therefore, snowmelt continued slowly and
temperatures held steady until the latter half of
May when thresholds were reached and rates of
change increased.
2. Despite the reported loss of snow at the Umiat
station on April 29, 1979, significant snow
remained in the region 3 weeks longer. The
importance of satellite imagery analysis is
obvious here (for a thorough description of
snowmelt on the Alaskan tundra, see Holmgren
et al. 1973).
3. A partial analysis of imagery indicates that the
oscillatory nature of the high temperatures,
seen particularly at Umiat in May 1979, is due
to the presence (cool days) or absence (warm
days) of extensive cloud cover. The lack of such

CONCLUSION
Analysis of satellite imagery and ground-station
data over portions of Alaska during the springs of
1979-1981 showed a strong asssociation of tempera
ture and estimated surface albedo. Regional albedo,
varying as a function of snow cover, was incorporated
into an index regionally parameterizing the value of
absorbed solar radiation at the surface. Index values
of approximately 260 cal cm '2 day-1 were reached
immediately prior to periods of rapid snowmelt and
sharply rising temperatures. The timing of this thresh
old varied between areas as a result of regional surface
albedos differing by up to 45 per cent with fully snowcovered ground. Intraregional differences in timing
were due to variables such as advected warm air or
spring snowfalls acting on the snow cover and con
ditioning the regional albedo prior to threshold attain
ment. High temperatures in most cases remained
below 5°C prior to reaching the threshold, 5-13°C
during rapid snowmelt, and over 13°C following
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melt. A potential C 0 2-induced warming in Alaska
could result in significantly earlier threshold attainment if snow depth remains within the range of

present-day values, while an increase in cover due to
warmer, wetter winters could delay the threshold, o
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Ecosystems

Some Aspects of Vegetation and Temperature Relationships
In the Alaska Taiga

Leslie A. Viereck and Keith Van Cleve*

ABSTRACT
Vegetation distribution and productivity are strongly influenced by temperature and
moisture both on a regional and a local basis. In interior Alaska, the forested environment
ranges from warm, dry, south-facing slopes with aspen stands to cold, permafrostdominated sites with slow-growing black spruce. This paper reports on a study of a
number of forested stands on an environmental gradient in interior Alaska. A soiltemperature, degree-day summation has been used to compare sites along the environ
mental gradient. Some ecosystem parameters closely correlated with the temperature
gradient are soil moisture, forest-floor depth, productivity, biomass, and nitrogen and
lignin in the forest floor.
On most forest sites in the Alaska taiga, disturbance, such as that caused by forest
fires, also results in a significant warming o f soil temperature and an increase in activelayer thickness. This can result in increased availability o f nutrients and, combined with
the warmer soil temperatures, usually results in increased productivity on the site for a
number of years following the fire. A successional sequence in an upland black spruce
type, from stages immediately following the fire to a mature black spruce stand, is used
to illustrate changes in soil temperatures and a number of ecosystem parameters such as
forest-floor thickness, biomass, litterfall, and productivity.
In addition, the paper discusses treeline dynamics and their correlation with summer
temperature: climatic changes can be expected to manifest themselves first at treeline
sites. In several treeline areas in Alaska, the warmer period around 1940 resulted in the
expansion of spruce into tundra areas. The predicted increase in mean annual tempera
tures as a result of carbon dioxide-induced climatic warming could result in an expansion
of forested areas in Alaska.
Prediction of vegetation change resulting from an increase in mean annual tempera
ture must be extremely speculative unless seasonal distribution o f temperature as well as
changes in precipitation can be determined. Two scenarios o f vegetation change resulting
from the predicted climatic warming are discussed.

INTRODUCTION

predict that changes will be greatest in northern
latitudes and may be as much as 5°-10°C by the early
to mid-21st century (Manabe and Stouffer 1979, Watts
1980). The two biomes most affected by these climat
ic changes may be the tundra and northern boreal
forest called the taiga. In this paper we discuss some
of the relationships between temperature and vegeta
tion we have studied in the Alaskan taiga and use
information about these relationships as the basis for

Models of predicted climatic change related to
increases in carbon dioxide in the Earth’s atmosphere

*Leslie A. Viereck, Institute of Northern Forestry, USDA
Forest Service, Fairbanks, Alaska.
Keith Van Cleve, Department of Forest Soils, University of
Alaska, Fairbanks.
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predictions on the changes that may take place in the
taiga ecosystem if the predicted increases in the mean
annual temperature actually do occur.
There is a general, worldwide correlation between
mean annual temperature and the distribution of
vegetation. The major boundaries of the broad vegeta
tion zones usually run east and west, but there are
many exceptions. These are often related to mountain
chains and precipitation patterns that run mostly north
and south. Precipitation seems to be less im portant
in the taiga and tundra regions, where broad zones of
vegetation are quite similar over a wide range of
precipitation. According to Thornthwaited (1948)
climatic types, the boreal forests of North America
range from a dry, subhumid climate in Alaska and
western Canada through a moist climate to a perhumid
(moderately wet) climate in eastern Canada (Rowe
1972). This broad range of precipitation has only a
moderate effect on the vegetation types because
temperature becomes limiting in northern regions,
and precipitation plays a smaller role in vegetation
distribution than it does in temperate or tropical areas.

process to be successful. A complex relationship
between temperature and reproduction exists that is
not at all obvious from statistics on mean annual
temperature.
The am ount of biomass or tissue produced in any
one year or over the lifetime of the plant can often be
correlated with temperature. The relationship is not
simple. For example, in the taiga of northern Scandi
navia, it was shown that there is a positive correlation
between the length of the leader of Scotch pine (Pinus
sylvestris L.) and the temperature from June through
August of the previous summer (junttila and Heide
1981). Needle length, on the other hand, had a positive
relationship to the mean temperature of the current
growing season. As with flower buds, the shoot bud
was formed the previous summer and the length of the
shoot was related to conditions affecting photo
synthesis during that time. The needles themselves
seemed to react to the temperature of the current
summer. A positive correlation between current ring
width and summer temperature has also been deter
mined from many northern treeline sites (Biasing and
Fritts 1972, Giddings 1941, Haugen and Brown 1978,
Jacoby and Cook 1981) and provides the major basis
for climatic reconstructions based on tree rings. In
coastal Alaska, the site index of Sitka spruce (Picea
sitchensis [Bong.] Carr.) was found to be closely
correlated with a degree-day temperature summation
(Farr and Harris 1979).

Mean annual temperature is not the best figure to
use for an understanding of vegetation-temperature
relationships. On-site summer temperatures, length of
the growing season, and winter extremes are all far
more im portant than are 30-year averages of the mean
annual temperatures taken at weather stations. A rare
event may be especially im portant in the distribution
of plant species and, possibly, also in ecosystem
processes. Introduced species may survive quite well
for many years, until an exceptionally cold or dry
winter, an early or late frost, or some other factor kills
the plant. Natural ecosystems are buffered against such
extremes in many ways, but it may be the once-in-adecade-or-century event that gives insight into control
ling factors in natural ecosystems.

The degree-day (DD) and accumulated degree-day
are sometimes referred to as annual growing degreedays. This concept in relationship to phenology was
developed by Sarvas (1970) in Finland. He found a
good relationship between the sum of temperatures
above 5°C during the year and phenomena such as
pollen dispersal and seed ripening of a number of
tree and shrub species. The best base temperature was
5°C, but other temperatures such as 4°C or 0°C have
been used. Hopkins (1959) used 10°C (50°F) in his
discussion of temperature control of vegetation bound
aries in Alaska. For Fairbanks, the 30-year average
air-temperature summation is 1067 DD, using 5 C as a
base.

How ecosystems or individual species interact with
temperature is complex. In general, temperature in
northern areas controls both reproduction and produc
tivity. For instance, near tree line there is a correlation
between summer temperatures and successful produc
tion of viable seed. Often it takes two warm summers
in succession for cones to develop ripe seed. In Alaska,
a positive correlation between the temperature of the
previous summer and cone crop has been suggested for
white spruce (Picea glauca [Moench] Voss) (Zasada and
Viereck 1970). The flower buds are initiated the
previous summer, and warm temperatures appear to
encourage the production of flower buds. During the
second summer, environmental conditions at the time
of flowering must be correct for pollination to be
successful and summer temperatures must be warm
enough for seeds to ripen and disperse. Germination
conditions must also be met for the reproduction

Sums of air temperature do not always provide a
good comparison between sites, but soil temperature
has a better correlation with some ecosystem processes
(Slaughter and Long 1973). Agricultural experiments
show soil temperature is more critical than air tempera
ture in successful crop production in Alaska. Because
of this, we developed the soil degree-day (SDD), which
is useful for site comparison. SDD is based on 0°C, a
10-cm depth, and the period between 20 May and 10
September. Sums of SDDs are used in the discussions
of vegetation-temperature relationships in this paper.
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ment in the Fairbanks area, we selected twenty forest
stands that covered the range from the warmest and
driest to the coldest limits. Our transect runs from the
Tanana River floodplain, across the warm, productive,
south-facing slopes to the steep north-facing slopes
underlain by permafrost (fig. 1). The cold limit of tree
growth in the area is represented by a tree-line site at
747-m elevation. The vegetation types represented are
shown in Table 1.
The SDD summation shows that the warmest site is
the south-facing bluff (2200 SDD). On the flood plain,
the warmest sites are adjacent to the river, but the
SDD drops off quickly in the black spruce (Picea
mariana [Mill.] B.S.P.) stands on the older terraces. On
the south-facing uplands with closed aspen (Populus

ENVIRONMENTAL GRADIENT
Vegetation
The vegetation of interior Alaska is a mosaic
formed primarily as a result of fire, slope, and aspect.
The dry continental climate and the low angle of the
sun causes a great contrast in the vegetation on northfacing and south-facing slopes. The presence or absence
of permafrost, which is closely correlated with slope
and aspect, is also a dominant factor in the distribution
of vegetation types.
Although the forest environment is often consid
ered to be geographically similar, there is a consider
able range of temperature and moisture, even within a
small geographic area. To quantify the forest environ

RIVER FLOODPLAIN

Figure 1. Composite cross section showing distribution of forest vegetation types with topography in the Tanana uplands and lowlands
in the Fairbanks vicinity. Depths of forest floor and soil temperatures are presented for selected vegetation types (from Van Cleve
eta l. 1979).
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Table 1. Vegetation types and site information on nineteen forest stands in the Fairbanks area (site nos. 11-29) and two stands in the
intensive black spruce study site at Washington Creek (site nos. 33-34).

Site
No.

Vegetation types1

11
15

Open aspen/buffaloberry/bluejoint
Closed aspen/highbush cranberry/twinflower

11
15
16
13
25
24
26
27
12
22
28
21
17
18
19
20
29

Open aspen/buffaloberry/bluejoint
Closed aspen/highbush cranberry/twinflower
Closed paper birch/alder/bluejoint
Closed paper birch/alder/bluejoint
Closed balsam poplar/alder-rose/horsetail
Closed balsam poplar/alder-rose/horsetail
Closed white spruce/feathermoss
Closed white spruce/feathermoss
Closed white spruce/feathermoss
Closed white spruce/rose/twinflower
Closed white spruce/black spruce/feathermoss
Closed black spruce/feathermoss
Burned black spruce/blueberry/feathermoss
Closed black spruce/blueberry/feathermoss
Closed black spruce/feathermoss
Closed black spruce/Labrador-tea/feathermoss
Open black spruce/willow-Labrador-tea/
sphagnum moss
Open black spruce/Labrador-tea/sphagnum moss
Closed black spruce/feathermoss
Closed black spruce/feathermoss
Woodland white spruce-black spruce/alder-dwarf
birch/feathermoss

14
33
34
23

Ave. age
overstory
trees
50
50

Land Elevation
form
(m)
Upland
Upland

Slope
(%) Aspect

SDD

Permafrost

182
229

75
15

SE
S

2217
1048

No
No

SE
S
S
E

2217
1048
967
1019
1310
1150
798
1140
876
1117
924
710
1300
715
669
483
729

No
No
No
No
No
No
No
No
No
No
Yes
Yes
No
No
No
Yes
Yes

761
563
488
676

Yes
Yes
Yes
Yes

50
50
50
120
50
80
125
120
140
55
200
55
10
70
125
80
120

Upland
Upland
Upland
Upland
Flood plain
Flood plain
Flood plain
Flood plain
Upland
Upland
Terrace
Upland
Upland
Upland
Upland
Terrace
Terrace

182
229
229
381
177
122
185
177
396
229
177
488
469
468
343
183
177

75
15
15
32
0
0
0
0
25
18
0
15
2
0
2
0

140
130
130
125

Upland
Upland
Upland
Upland

427
396
366
747

30
15
15
12

S
SE
W
w

0

NNE
SE
SE
NW

1Based on Viereck and Dyrness (1980).

depth, and vegetation type is shown in Figure 2. As
would be expected, there is also a correlation between
the thickness of the forest floor and the active-layer
thickness over permafrost. In some of the soils exam
ined, the seasonal thaw barely reached the mineral soil.
In some upland stands in interior Alaska, the seasonal
thaw is entirely within the organic layer (Heilman
1966).

tremuloides Michx.), birch (Betula papyrifera Marsh),
and white spruce (Picea glauca [Moench] Voss) stands,
the SDDs are close to 1000. In the uplands there is a
rather sharp break in SDDs between these stands and
black spruce stands underlain by permafrost. SDDs for
most of the black spruce stands underlain by perma
frost are near 500. The tree-line site does not have the
lowest temperature sums; however, air temperatures
are lower there than at any of the other sites.

Soil Moisture
Organic Layer

The percentage of soil moisture in the forest floor
is an im portant factor controlling productivity of the
moss layer and decomposition of organic matter. In
dry summers it will also be im portant as a source of
moisture for vaseular-plant production. Figure 2
illustrates good correlation between average percentage
of soil moisture in the summer and SDDs for the
spruce type and considerable variability in the birch
and aspen stands. The soils in the aspen stand on the
steep, south-facing bluff were extremely dry, and soil
moisture there is considered to be limiting to tree
growth.

There is a negative correlation between the soil
temperature sums and the depth of the forest floor.
The hardwood-dominated stands lack a moss layer, and
the leaf litter is quickly decomposed. The organic layer
in white spruce stands, with a nearly continuous
feathermoss ground layer, is about 15 cm deep on the
flood plain but only 5-6 cm deep on the warmer,
south-facing slopes. In black spruce stands, with cold
soils and usually an impervious permafrost layer, the
moss layer develops to a thickness of 15 or more cm.
This relationship between soil temperature, forest-floor
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the whole-tree, aboveground biomass is highest in the
flood-plain stands adjacent to the river and the white
spruce, birch, and aspen stands on the south-facing
slopes and is lowest in the black spruce on north-facing
slopes. Two exceptions are evident to the general
trend. The aspen stand on the south-facing bluff
(site 11) has low biomass because the site is extremely
dry. One black spruce stand on a gentle slope (site 19)
had the highest productivity and biomass for all the
black spruce sites. This site was thought to be under
lain by permafrost but it is permafrost free and has
delayed thawing of the seasonal frost. The tree-line site
(site 23) has the lowest tree biomass.
The productivity of the moss layer is greatest at
some of the black spruce sites where it is nearly equal
to aboveground tree increment and is low or lacking in
the warmer hardwood sites where there is little to
no moss cover (fig. 4).
Net, annual, above-ground, tree production is
closely correlated with soil temperature (fig. 5). An
increase of 1°C in soil temperature for the growing
season would amount to an increase of approximately
100 SDDs. According to the temperature-growth

2 8 0 r'2 4 0

200160

OCM
X

^

120

w 50 0 6 0 0

800

Summation of Degree

1000

1200

1400 2217

Days above 0°C at 10-cm Depth

Figure 2. Characteristics of forest floor in relation to soil tem
perature sums for interior Alaska forest types: A, moisture
content (from Van Cleve and Viereck 1981); B, depth (from
Van Cleve et al. 1979).

Productivity and Nutrient Cycling
There is a good correlation between SDDs and
biomass accumulation. As can be seen from Figure 3,

TANANA RIVER FLOODPLAIN

18 3 4 ,3 5 15 1612

13

22

24

25

Site
Figure 3. Composite cross section showing distribution of forest vegetation types with topography in the Tanana uplands and lowlands
in the Fairbanks vicinity. Whole-tree aboveground biomass is presented for selected vegetation types.
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Figure 4, Composite cross section showing distribution of forest vegetation types with topography in the Tanana uplands and lowlands
in the Fairbanks vicinity. Moss production is presented for selected vegetation types.
CSJ

temperature range (1200 SDDs) shows a 208-g/m2
increase in net, annual, above-ground production.
These data only suggest that an increase in soil tem
perature at a given site might result in increased
productivity.
The range in net, annual, above-ground N and P
uptake by trees is 8 to 8.5 g/m2 and 0.08 to 1 g/m2 ,
respectively, across the environmental gradient from
cold-soil black spruce to warm-soil aspen. Total carbon
of mineral soil is negatively correlated with soil tem
perature among the respective ecosystem types (fig. 6).
Black spruce soils show the largest accumulation of
carbon, up to 9 kg/m2, with progressive declines
encountered as soil temperature increases, to 3-4
kg/m2 in birch and aspen. Cold-soil temperature in
black spruce undoubtedly contributes to reduced loss
of carbon and its accumulation in soils of this vegeta
tion type. According to this relationship, a 100-SDD
increase in annual heat shows a 540-g/m2 decrease in
carbon content of the soil profile.
Turnover of forest floor organic matter, k, (Jenny
et al. 1949) also appears to be closely related to soil
temperature (fig. 7). Among ecosystems types, k

E

Figure 5. Net annual aboveground tree production in relation to
soil temperature sums for interior Alaska forest types.

curve, which assumes constant soil moisture, a 100SDD increase in soil temperature at the lower end of
the temperature range (500 SDDs) shows a 45 g/m2
increase in net, annual, above-ground production. The
same degree-day increase at the higher end of the

134

Mineral Soil Carbon=IOIII.8-5.4(soil temperture),

Summation of Degree Days above 0°C at 10-cm Depth

Figure 6. Mineral soil carbon in relation to soil temperature
sums for interior Alaska forest types.

.12

Black Spruce
White Spruce
• Aspen
o Birch

a

Nitrogen concentrations range from 0.5 per cent to 1.2
per cent in black spruce and from 1.3 per cent to 2.2
per cent in white spruce, birch, and aspen. Nitrogen
concentration is positively correlated to soil tempera
ture
<r2=.69, n=19 stands). Lignin concentration, nega
tively correlated with soil temperature (r2=.45,
19),
ranges from approximately 20 per cent in black spruce
to 10-15 per cent in the more productive forest types.
The average C/N ratios for forest floors in stands of
black spruce, white spruce, and birch-aspen-poplar are
44, 28, and 23, respectively. These marked differences
in organic m atter chemistry may partially explain the
range of decomposition rates observed in the forest
floor among taiga ecosystem types.
A gradient of productivity and nutrient cycling can
be superimposed on the temperature-moisture gradi
ents previously discussed. At one extreme, low tree
productivity and reduced nutrient cycling are asso-
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Figure 7. Turnover of forest floor organic matter (k) in relation
to soil temperature sums for interior Alaska forests types.
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, r = 69

n= i9

increases from about .02 in the lower temperature
range (5-600 SDD) to .06 in the range of 950 SDDs,
then decreases with further increase in heat sum to
between .02 and .03 at 2200 SDDs, probably as a
result of reduced moisture content. As previously
shown, seasonal measurements indicate that the
warmest sites have better drainage (see fig. 3). The
gradient of temperature and moisture regimes among
ecosystem types is also reflected in percentage baseelement saturation of the forest floor. Lowest k (.02)
in black spruce is associated with approximately 12 per
cent base saturation; maximum k occurs (.058 to .06)
in white spruce and birch with a range in base satura
tion of 43-60 per cent. Nearly a 70 per cent base sat
uration is encountered in aspen but with k reduced to
.04. Accumulation of base elements in forest-floor
organic m atter reflects changes in demand for nutrient
elements by the vegetation and also the degree of
leaching to which the forest floor is exposed. Warm,
dry-soil aspen sites experience reduced leaching com
pared with cold, moist-soil black spruce sites.
The differences extend to concentrations of N and
lignin in forest floor organic m atter (figs. 8 and 9).
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figure 8. Forest floor nitrogen in relation to soil temperature
lums for interior Alaska forest types.
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Figure 9. Lignin in the 022 forest floor layer in relation to soil
temperatures for interior Alaska forest types.
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Figure 10. Succession of upland black spruce in interior Alaska after fire.

dated with cold, wet, generally permafrost-dominated
soil. Warm, dry, permafrost- free conditions are related
to slowed tree growth and nutrient cycling at the
opposite extreme of the taiga environmental gradient.
In this instance, moisture may be the limiting factor.
Greatest productivity and most-rapid nutrient cycling
appear to be encountered on sites displaying soil
temperature regimes ranging from about 900-1050
SDDs and average seasonal moisture content in the
forest floor ranging from about 80 to 110 per cent.

place after wildfire in a permafrost-dominated, upland,
black spruce type.
Vegetation
Figure 10 shows the general stages of revegetation
that normally occur after a typical fire of moderate
intensity in the black spruce type. The newly burned
stage with no vegetation is quickly, often within
weeks, replaced by a herbaceous and young-shrub
stage, usually by sprouting from underground parts.
The herbaceous stage usually also has a forest floor
covering of pioneer mosses and liverworts, Marchantia
polymorpha L., Ceratodon purpureus (Hedw.) Brid.,
and Polytrichum commune Hedw. Spruce seedlings
may become established at this stage, but their growth
is so slow that they have little biomass. Plant cover
during this stage increases quickly from 0 to 50 per
cent.
In the shrub stage, which usually occurs from
about 6 to 25 years after the fire, the shrubs, which
originated primarily from sprouts and shoots, domi
nate the stand. Pioneer mosses are slowly replaced by
herbs, especially Epilobium angustifolium L. and

DISTURBANCE AND SOIL TEMPERATURES
Any disturbance of taiga vegetation that removes
or partially removes the organic layer of the soil
surface will increase soil temperatures. Soil tempera
tures in the summer, for example, may average 5°C
warmer at the 10-cm depth for several years after fire
in the black spruce type (Viereck and Dyrness 1979).
There are a number of successional sequences that
have been described as part of our research in interior
Alaska (Van Cleve and Viereck 1981). As an example,
we describe in this paper some of the changes that take
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is in trees and unburned forest floor, (fig. 10C).
Live-tree biomass is reduced from 10,000 g/m2 to
about 700 g/m2 . Root biomass may be reduced from
5000 g/m2 to about 1000 g/m2 . The early stages of
revegetation are dominated by herb and shrub produc
tion. Three years after the Wickersham fire, the annual
biomass increment was only 42 g/m2, about one-third
of which was willow (Viereck and Dyrness 1979).
Maximum tree production of 130 g/m2 is attained
early in the successional stage, but maximum tree
biomass (10,000 g/m2 ) does not occur until later—
around 100 years (fig. 10C). Of special interest is the
annual productivity of the mosses on the forest floor.
Moss production (110-120 g/m2 per yr) is about the
same as tree production in mid- to late successional
stages, making the total production of 200-230 g/m2
for the stand, close to that of the more productive
forest sites (fig. 10D). We predict that tree production
would slowly decline but moss production would
remain level or increase if fire did not enter the stand
for 200 or more years.
From this it is apparent that soil temperatures are
warmer in the earlier successional stages than in later
stages. Warmer soil temperatures result in increased
nutrient availability and result in higher productivity
in the ecosystem. As the organic layer of the forest
floor increases in thickness, however, soil temperature
lowers, the active layer thins, and nutrients accumulate
in the cold organic layers and become unavailable
for tree production (Heilman 1966).
The conditions during stages of succession are
somewhat analogous to those of warmer or colder
climates. On cold sites, warmer air temperatures
result in warmer soils and increased productivity
whereas a cooling trend would result in colder soil
temperatures, a thinner active layer, high moss produc
tivity, and lower tree production.

Calamagrostis canadensis (Michx.) Beauv. The first
foliose lichens, Peltigera spp., become established at
this time.
Between 25 and 50 years after the fire, depending
on site and original density of tree seedlings, the black
spruce saplings begin to dominate the site visually.
Densities of trees and saplings range from 4,000 to
6,000/ha. Feathermosses (Hylocomium splendens
[Hedw.] B.S.G. and Pleurozium schreberi [Brid.] Mitt.)
rapidly develop under these dense stands of black
spruce. With the establishment of a nearly continuous
moss mat, the development of a thick, insulating,
organic layer begins. Once the tree canopy is estab
lished, changes in the vegetation are slower and more
subtle. In interior Alaska, another fire will usually
occur before the stand age reaches 200 years.
Soil Temperature and Forest Floor Thickness
Removal of the live and dead soil-surface organic
layer by fire plus the change in surface albedo results
in warmer soil temperatures after fire. This, in turn,
results in an increase in the thickness of the active
layer; the am ount of increase depends both on the site
and severity of fire. Studies at Inuvik Northwest
Territories by Mackay (1977) and Viereck (1983) at
the Wickersham fire site in interior Alaska indicate that
the thickness of the active layer increases for at least
8-10 years after a fire. At Inuvik the increased thaw
depths 8 years after the fire was 2 to 2.5 times the
original thaw depth. At the Wickersham site 10 years
after the fire, the thaw depth increased from 45 to 205
cm, nearly 5 times the original thaw depth.
The thickness of the active layer from a number of
fire sites in interior Alaska indicates thaw depths
should stabilize at about 10-15 years after the fire and
begin to freeze back as the moss layer develops. From
50 to 100 years after the fire, the thickness should be
similar to that of an unburned stand, depending on the
site and severity of the fire.
Figure 10b shows the depth of the organic layer
and the soil degree-days after fire. The summer after
burning, the soil degree-days were recorded as 1300
SDD, similar to those found on more productive southfacing slopes. As the vegetation developed, the soil
temperatures gradually lowered and older black spruce
stands had about half that, or 500-800 SDD.
The cause of this general cooling is a combination
of shading by the developing vegetation and the
increase in thickness of the forest floor. After fire the
thickness may be only 4-8 cm, depending on the
amount removed by the fire. This gradually increases
to 16-20 cm in the older black spruce stands.

TREE LINE AND TEMPERATURE
A location where vegetation will likely change
because of climatic changes is tree line. At the transi
tion from forest to tundra, tree growth is limited
primarily by temperature. Numerous correlations have
been attem pted between tree line and some tempera
ture factor: July temperature (Biasing and Fritts
1972), mean annual temperature (Hopkins 1959), or
some combination such as the Njordenskjold line,
which utilizes both summer and winter temperatures
(Nordenskjold and Mecking 1928). A combination of
moisture and temperature has also been correlated
with ring width at tree line in the Brooks Range
(Garfinkel and Brubaker 1980). Consequently, the
position of tree line in the past has been used to
indicate broad climatic changes (Biasing and Fritts
1972, Jacoby and Cook 1981), and variations in ring

Biomass and Productivity after Fire
Immediately after fire, the above-ground organic
m atter is reduced to about 4000 g/m2 , most of which
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widths have been utilized to indicate variations in
weather patterns and climate changes. Widths of tree
rings have proved especially useful in extending weath
er patterns to times before establishment of weather
stations. One of the most im portant tools for deter
mining past climatic patterns is the study of dated tree
pollen and macrofossils found in areas adjacent to
present and past tree lines.
Before contemplating how tree line may change in
the future in Alaska, it might be best to review the past
history. It should be pointed out, however, that for
much of Alaska the pollen record is ambiguous and the
information on dated macrofossils is sparse (Hopkins
et al. 1981), making reconstruction of the past some
what speculative. The post-glacial history of migration
into Alaska by trees and some shrubs based on macro
fossil evidence has recently been reviewed by Hopkins
et al. (1981).
There is some question as to whether trees survived
in unglaciated interior Alaska during late Wisconsin
time, and if they did, whether all or only selected
species remained. Pewe (1975) stated that tree line was
lowered by 450-600 m, but forests persisted in valley
bottom s under a climate with shorter, cooler summers.
Others (Hopkins 1972, Matthews 1974, Young and
Racine 1977) indicated th at interior Alaska was
treeless under a colder and dryer climate that has been
called “steppe-tundra” or “arctic steppe.” More
recently, Hopkins et al. (1981) indicated that it is
possible that balsam poplar, alder, aspen, and larch
may have persisted as small groves in this matrix of
steppe-tundra.
Although some deglaciation and warming began
about 13,000 to 14,000 years before present (BP),
spruce pollen and macrofossils appeared about 10,00013,000 years BP. There is considerable evidence from
many northern areas that the Hypsithermal period,
between 8,000 and 3,000 years BP in Alaska, was
warmer than the present climate. Spruce spread
westward across Alaska from the Yukon.
There is some evidence that tree line was extended
beyond its present location during the Hypsithermal
period. Numerous collections of logs of Populus spp.
have been carbon dated and the presence of birch
was possible beyond the present limits of these species
(Hopkins et al. 1981). Alder also was widespread
during this period. In eastern Alaska, spruce trees grew
up to 76 m above present levels between 5000 and
1230 BP (Denton and Karlen 1977), but there is no
evidence the spruce tree line ever extended beyond the
present limits in western or northern Alaska after the
late Wisconsin period.
After the Hypsithermal period, there was a 2,000to 3,000-year cooling period that climaxed in the
“ Little Ice Age,” which is recorded in glacial maximums varying from 350 years to the present. Although

evidence of this cooling is widespread and tree line
retreated as much as 280 km in northern Canada, there
is little evidence for any change in tree line or interior
Alaska vegetation during that time. A number of
people have indicated that tree line has been relatively
stable for several centuries (Densmore 1980, Denton
and Karlen 1977, Drew and Shanks 1965, Haugen and
Brown 1978, Hopkins 1972). Pollen records show no
significant changes in lowland vegetation for the past
6,500 years for interior Alaska (Ager 1975, Anderson
1975) or for the Prudhoe Bay area (Walker et al.
1981).
There has been a recent change in tree line that
seems to be related to a period of warmer years that
peaked around 1940 (Hamilton 1965). These years
around 1940 appear to have been the warmest since
the mid-1850s and probably since the end of the
Hypsithermal period. Vigorous young seedlings dating
from around 1940 have been reported at Eagle Summit
(Haugen and Brown 1978), the Seward Peninsula
(Hopkins 1972), the Brooks Range (Garfinkel and
Brubaker 1980), and from other areas of interior
Alaska (Viereck 1979). The invasion of shrubland and
tundra by spruce seems to have resulted from high seed
production followed by good germination and growing
conditions. At most sites the saplings are still vigorous.
In some locations an advance of a closed forest will
occur, as well as the spread of a few scattered individu
als well beyond the existing tree line.
What can be predicted for tree line if the predicted
climatic warming of 5°G occurs? In Keewatin, in
central Canada, it has been shown that a change of 1°C
in mean annual temperature represents about a 100-km
advance or retreat of tree line (Nichols 1975), but in
the Mackenzie Delta area, Ritchie and Hare (1971)
reported that an increase in mean summer temperature
of 5°C resulted in only a 50-km shift in tree line. In
Keewatin, clones of black spruce presently existing up
to 300 km beyond the tree line are thought to be relics
of the Hypsithermal period that have persisted by
vegetative reproduction for the past several thousands
years. In Alaska, however, arctic tree line is actually
an alpine tree line along the south slope of the Brooks
Range, which acts as a barrier to spruce. Based on
Haugen's calculations and measurements of the sum
mer adiabatic ratios (Haugen et al. 1971), a warming of
summer temperatures by 5°C would result in an
800-meter rise in treeline. This means that spruce
could easily migrate through some of the lower passes
at the Brooks Range. Tree migration is slow, however,
because of the long period between establishment and
seed production. Davis (1981) has shown that after
deglaciation in eastern North America, spruce migrated
at a rate of about 250 m per year, or 25 km per
century. Under natural conditions it would therefore
take spruce several centuries to move northward into
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speculative unless both seasonal distribution of tem
perature and precipitation distributions can also be
predicted. Because of this, we will discuss two scenar
ios of climatic warming and vegetation change: one in
which mean annual increase of 5°C is distributed
evenly throughout the year and in which there is no
change in precipitation, and one in which most of the
increase in mean annual temperature occurs in winter
and in which there is also an increase in the summer
precipitation. There is some justification for this latter
scenario. Haugen et al. (1971) pointed out that winter
temperatures have more influence over mean annual
temperatures than do summer temperatures. Other
models predict an increased precipitation along with
the climatic warming in northern areas as more open
water replaces sea ice. A warmer period in northern
Yukon between 11,000 and 8,900 before present (BD)
was also reported to be a wetter period (Cwynar
1982).
We believe that a warming of the predicted 5°C
will probably have little overall effect on the species
present or on composition of the plant community.
Pollen records from interior Alaska show no discern
ible changes through the warmer Hypsithermal period
or the cooler Little Ice Age (Ager 1975). More likely
to occur is a rearrangement of the distribution of the
vegetation types.
Higher average summer temperature with little or
no change in precipitation would be expected to
increase the frequency of naturally occurring wildfires
in interior Alaska. There is some indication fire was
more widespread in the taiga during warmer periods
(Seppala 1981, Bryson et al. 1965). Increased frequen
cy of fire would increase the proportion of the taiga in
the early stages of succession and at the same time
decrease the extent of mature stands of both white and
black spruce. In the Fairbanks area, one would expect
an areal expansion of the willow, aspen, and birch
successional stages on the warmer sites and a greater
number of stands of young black spruce on the colder
sites. Paper birch would invade many sites formerly
dominated by black spruce.
Table 2 is an earlier attem pt to arrange the main
vegetation types of interior Alaska on a temperaturemoisture gradient (Viereck 1975). With a change
toward a warmer, dry climate, one would expect an
expansion of those types in the upper left, especially
the steppe-like-grass/fringed-sagebrush type and the
aspen types. The closed white spruce and the closed
black spruce types would expand at the expense of
the open-forest types on wet sites, which might occupy
sites now occupied by bogs and fens. The open forests
near tree line would be displaced upward and would
disappear from many of the uplands.
Moisture becomes more im portant to ecosystem
productivity and nutrient cycling under this scenario

the present areas of tundra the north slope.
It is difficult to predict what might happen to tree
line in western Alaska should the coastal climate
become warmer. Hopkins (1972) has already noted
young saplings well beyond the old tree line on the
Seward Peninsula. It is likely spruce would extend its
range across much of the Seward Peninsula at the slow
rate of 25 km per century. The same would not be
true of balsam poplar, which is already established in
isolated pockets in the tundra of western Alaska and at
several sites north of the Brooks Range. The balsam
poplar could be expected to spread quite rapidly to
alluvial sites on the Seward Peninsula and in the
foothills of the north slope of the Brooks Range.
Another tree species of interest in Alaska is lodgepole pine (Pinus contorta Dougl.), which, according to
Hansen (1953), has been migrating northward toward
Alaska since deglaciation. Natural populations occur
within 100 km of the Alaska border. Davis (1981) has
estimated that pine moved northward at about 40 km
per century in the eastern United States. With climatic
warming, lodgepole pine could reach Alaska in about
2.5 centuries. Lodgepole pine producing viable seed is
cultivated in interior Alaska in several localities and is
being planted in attempts to reforest burned areas. It is
quite possible that lodgepole pine could become
established in the natural vegetation under warm, dry
conditions.
A warm-dry limit to tree growth also exists in
interior Alaska. South-facing steep bluffs along most
of the rivers are too dry for tree growth, and grasslands
with fringed sagebrush (Artemisia frigida Willd.) and
common juniper (Juniperus communis L.) are com
mon. This may be a relic of the “steppe-tundra,” a veg
etation type thought to be widespread during glacial
periods.
Usually surrounding these dry grasslands are stands
of open, slow-growing aspen with an understory of
grass and bearberry (Arctostaphylos uva-ursi [L.]
Spreng.). In our series of stands along the environ
mental gradient, the warmest site was located in such
an aspen stand. During a series of warm, dry summers
in the mid- to late 1970s, many of these aspen showed
signs of moisture stress and succumbed within a few
years to a root-rot disease (Armillaria mellea). At one
period, no soil moisture could be obtained from the
upper 15 cm of soil by oven drying. Although this can
hardly be given as conclusive evidence that a warmer,
drier climate would result in the spread of the grass
land type in interior Alaska, it is logical to assume that
this could be one of the results of climatic warming.
CLIMATIC WARMING AND VEGETATION
CHANGE
Any prediction of vegetation change resulting from
an increase in mean annual temperature is extremely
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Table 2. Alaska taiga types in relation to moisture and temperature.
HO T/D R Y -

INCREASING MOISTURE-

-HOT/WET

STEPPE-LIKE
Grass /A rtem isia-] uniperus

CLOSED FORESTS AND THEIR SUCCESSIONAL STAGES
Aspen-willow/A rctostaphylos
Aspen-white spruce/A rctostaphylos
Willow/alder/E quisetum
Balsam poplar/alder/E quisetum
Balsam poplar-white spruce/E quisetum

Willow/Epilobium/Calam agrostis
White spruce/feathermoss
White spruce-paper birch/alder/ Calamagrostis
Paper b'\rch/&\&er/Calamagrostis
Aspen-black spruee/L ed u m
Black spruce-paper birch/Ledum
Black spruce-paper birch/L ed u m
Black spruce-white spruce/feathermoss
Black spruce/feathermoss

W
g
D
H
<
w
cu
S OPEN FOREST, DRY, NEAR TREELINE
w
White spruce/dwarf birch/feathermoss
H
Paper birch/dwarf birch/H ylocom ium
O
White spruce/dwarf birch/Cladonia
g
Black spruce/Cladonia
c73
White spruce/D ryas/moss
<
w
u
£
TREELINE SHRUBS

-DECREASING MOISTURE-

than under the present temperature regime. Increased
frequency of fire and increased intensity of the burn
ing of surface organic m atter from a drier forest floor
and mineral soil would result in greater loss of nutri
ents on the site. Losses of nutrients might be mini
mized because of rapid regrowth of early successional
species. In addition, because precipitation has not
increased, the leaching regime would not change and
the base saturation of formerly acidic forest floor and
mineral soil would tend to increase.
Overall, forest productivity would increase, sup
ported by a more rapid turnover of nutrients. Nonvascular plants contribute less to total forest ecosystem
productivity and are of reduced importance as a
control of nutrient cycling under these conditions
(Weber and Van Cleve 1981). Increased fire frequency
would increase the extent of the vegetation types
occurring in an early successional stage, and highproductivity, nutrient-demanding forest types would
make a greater contribution to the overall production
and nutrient cycling of the taiga.
In the taiga of interior Alaska, there is a delicate
interrelationship between vegetation and permafrost.
Some vegetation types are found primarily on perma
frost sites and they, in turn, are responsible for keeping
a shallow active layer over the permafrost. If the
vegetation and organic layer are removed and kept

Oh

D
H
<
Pi
W
a,
S
w
OPEN FORESTS, WET SITES
H
White spruce-paper birch/Calamagrostis
a
g
White spruce/dwarf birch/Sphagnum
White spruce-paper b ir c h /M e r / Sphagnum E75
<
Black spruce/ V accinium /feathermoss
w
Black spruce/feathermoss/Cladonia
Oh
Black spruce/Sphagnum /Cladonia u
w
Q
BOGS AND FENS

Dwarf birch/Ledum /Calamagrostis
Dwarf birch/feathermoss
Alder/Calamagrostis
COLD/DRY-

W

Low shrub/Sphagnum bog
Fens, sedge meadow, string bog
Sphagnum bog
■COLD/WET

removed, thawing of the permafrost to depths of over
6 m may occur (Linnell 1973). Possibly a complete
thawing of shallow permafrost could take place.
Invasion by black spruce and mosses of permafrost-free
sites along the flood plains may result in the formation
of permafrost on a site previously free of permafrost
(Viereck 1970).
A climatic warming that brings the mean annual
temperature to above 0°C will cause some thawing of
permafrost and an increase in the thickness of the
active layer. A change in the distribution of vegetation
will result. A decrease can be expected in the black
spruce types and an increase in those vegetation types
found on permafrost sites with thick active layers.
If an increase in mean annual temperature results
from increased winter temperatures with little change
in summer temperature and if there is also an increase
in summer precipitation, the change in vegetation
is more difficult to predict. With an increase in precipi
tation, the frequency of fire should lessen and early
successional stages of vegetation will decrease while
mature vegetation types increase. Sites presently
supporting steppe-like vegetation would probably be
occupied by aspen and white spruce. Closed forests are
likely to expand into the drier sites now occupied by
some aspen types. With increased precipitation, it is
quite possible that open forests on wet sites and some
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especially at the cold-wet and warm-dry ends of the
environmental gradient.
Higher precipitation will
cause greater flux of nutrients through forest eco
systems and an increased potential for nutrient loss by
leaching. This is balanced by nutrient conservation as
a result of increased forest production. Acidity of
forest floor and mineral soil will increase. Nonvascular
plants will make a greater contribution to total eco
system production and become an im portant control
of nutrient cycling. The expansion of mature forest
types will result in larger standing crops of biomass and
nutrients. O

of the bog and fen types will expand. The open treeline types will move upward on the slopes but will be
compressed into a narrower zone than under a warm,
dry regime. The overall trend would again be toward
higher forest productivity, but with increased precipi
tation, a larger proportion of the productivity may be
in the moss layers than in the overstory.
The role of fire in mineralization of organic m atter
and rapid nutrient recycling is decreased under these
conditions. Nutrient cycling will reflect the generally
increased ecosystem biological activity. Productivity,
supported by more rapid nutrient flux, will increase,
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The Impact of Increased Air Temperature
On Tundra Plant Communities

F. Stuart Chapin, III*

ABSTRACT
A major climatic effect of increasing carbon dioxide levels may be rising temperature,
particularly in boreal regions. Physiological studies suggest that tundra plants are so well
adapted to low temperature that there would be little immediate effect o f rising air tem
perature upon plant production. However, field greenhouse studies, in which air tempera
ture has been raised an average of 10°C, indicate that some Arctic plants are quite tem
perature-sensitive, whereas other species are not significantly affected by increased air
temperature. An increasing air temperature is likely to exert its most important effects
through changes in length of growing season rather than through direct temperature
effects. The m ost ecologically significant effects may be changes in reproductive output
and seedling establishment, leading in turn to changes in community composition, posi
tion of treeline, etc.

INTRODUCTION

effect upon any given process, but that the indirect
effects of temperature and the synergistic interactions
of these indirect temperature effects would lead to
large changes in system function.
An increase in temperature in the Arctic could
affect the biota in several im portant ways (fig. 1).
There are the direct effects of temperature upon the
organisms and the indirect effects which occur through
changes in length of growing season, precipitation,
nutrient input, permafrost depth, and soil aeration.
The seasonal pattern of any temperature increase
would be crucial in determining the nature of the
biological responses. It has been suggested that the
temperature increase might be most pronounced
during the winter when most organisms are dormant.
This would increase the equilibrium temperature of
permafrost and increase its susceptibility to thermal
erosion but otherwise would have little effect on
plant, microbial, or invertebrate processes. A winter
increase in temperature would probably have its mostpronounced effect through the timing of snow-melt
and freezeup and, therefore, the length of the growing
season. The importance of length of growing season

A major climatic effect of increasing carbon diox
ide levels may be rising temperature, particularly in
boreal regions. With projected atmospheric carbon
dioxide increases, a temperature rise of 5-10°C might
be expected in mean annual temperature of the Arctic.
The Arctic has long been viewed as a temperaturelimited system (Warren Wilson 1966, Billings and
Mooney 1968), so one might expect major changes in
system function with an increase in air temperature. In
this paper, I consider the known temperature responses
of various physiological processes of Arctic organisms
and the implications of these temperature responses
for changes in system function. Finally, I compare
these expected temperature responses with experi
mental manipulations of temperature in two Arctic
tundra communities. I conclude that Arctic organisms
are so well adapted to low temperature that an increase
in air temperature would have relatively little direct

*F. Stuart Chapin, III: Institute of Arctic Biology, University o f
Alaska, Fairbanks.

143

al. 1971; Tieszen 1975, 1978a; Mayo et al. 1977;
Berry and Bjorkman 1980). However, photosynthesis
of tundra plants has a broad temperature-response
curve and is relatively insensitive to temperature
change. Leaf temperatures generally average 2-4°C
above ambient but are still 5-8° below the optimum
for photosynthesis (Miller et al. 1976). Computer
simulations suggest that if air temperatures were to
increase up to the temperature optimum of 15°C
(greater than the projected maximum increase in
summer air temperature), photosynthetic rate might
be increased only 5 per cent (Miller et al. 1976,
Tieszen 1978b). Thus we would expect very little
direct effect of increased air temperature upon photo
synthetic rate per gram of leaf.
However, temperature could profoundly affect
photosynthesis through both the length of the photo
synthetic season and the quantity of leaf biomass pro
duced. Barrow coastal tundra plants acquire in the
course of the growing season only 30 per cent of the
quantity of leaf biomass that is necessary for maxi
mum carbon gain (calculated from Miller et al. 1976).
If warmer temperatures resulted in more rapid leaf
production or if the season for leaf growth were longer
(see below), photosynthesis could be substantially
enhanced, even though carbon gain per gram leaf per
minute were not strongly affected. Equally im portant
is the effect of a prolonged season for the total carbon
gain to each leaf. Snowmelt presently coincides ap
proximately with the summer solstice, and photo
synthetic rate declines substantially through the grow
ing season in large part due to decreased solar input
and increased cloudiness. Thus an earlier snow-melt
which would be expected with an increase in mean
annual temperature would enable plants to begin
photosynthesis and would considerably enhance
annual carbon gain. A 10-day (10 per cent) increase
in length of growing season is expected to lead to a
55 per cent increase in annual carbon gain (Tieszen
1978, fig. 3).
Nutrient absorption is considerably less tempera
ture-sensitive in Arctic than in temperate-zone plants
(fig. 4, Chapin 1974; Chapin and Bloom 1976;
McCown 1978). For example, Barrow graminoids
maintain 20-60 per cent of their 20°C rate at 1°C,
whereas nutrient absorption by temperate plants is
greatly curtailed below 10°C (Sutton 1969, Carey and
Berry 1978). Thus, as with photosynthesis, one would
expect an increase in temperature to have relatively
little direct effect upon nutrient absorption by tundra
plants. However, indirect effects of climatic warming
could have major effects upon nutrient absorption.
The calculated seasonal pattern of phosphate absorp
tion by Barrow tundra plants is much more closely
correlated with phosphate availability (r2=0.92) than
with temperature (r2 =0.004) (Chapin et al. 1978),

Figure 1. Mechanisms by which an increase in temperature in
the Arctic would be expected to affect plant growth. Thickness
of arrow indicates magnitude of expected effect.

will be seen as I discuss the various temperaturesensitive processes in tundra.
PLANT PROCESSES
Photosynthesis and plant carbon gain respond to
temperature in all plants, including those of Arctic
tundra. However, the optimum temperature for tundra
plants generally is about 15°C, as compared to a 25°C
optimum for most temperate plants (fig. 2, Billings et
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Figure 2. Effect of measurement temperature upon in situ rates
of photosynthesis of two Arctic and one temperate grass mea
sured in the field (data from Tieszen 1975 and Brown and
Trlica 1977).
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The few tundra plants that have been examined
have a lower temperature optimum for shoot growth
(and perhaps root growth) than do temperate-zone
plants (Scott 1970, Chapin 1974, Billings et al. 1973,
Tieszen 1978b, Kummerow et al. 1980), so that at
tundra ambient temperatures tundra plant growth is
less affected by temperature than is that of temperatezone plants. However, shoot temperatures in the field
are generally sub-optimal, as indicated by more rapid
growth in warm microsites (Stfrensen 1941, Bliss
1956, Warren Wilson 1959) and when tundra plants
are transplanted to a warmer climate (Chapin and
Chapin 1981). The maximum and average relative
growth rate (g g '1 d '1) of tundra graminoids growing
in situ is at least as high as that of temperate gramin
oids despite a 15-20°C difference in average air tem 
perature (Chapin and Shaver in press). The two-foldgreater production of temperate-zone compared with
Arctic graminoid-dominated vegetation must thus be
due to their longer growing season rather than to
direct temperature effects upon growth. Consequently,
a warmer Arctic climate would be expected to have its
greatest effect upon growth through the longer grow
ing season rather than through direct temperature
effects. When a leaf is first produced, 10-20 days are
required to regain the carbon that was initially re
quired to produce that leaf (Mooney 1972, Miller et al.
1976, Orians and Solbrig 1977). It is probably for this
reason that most high-Arctic plants are either evergreen
or winter-green (Bell and Bliss 1977). Beyond that
time, photosynthetic carbon gain can be used to sup
port other plant functions. As a warmer climate leads
to longer growing seasons, more carbon profit will be
available to support such other functions as repro
duction. Thus, I expect that increased length of grow
ing season will lead to a disproportionate increase in
plant reproduction.
Reproductive output by Arctic plants is highly
variable among years and is often correlated with heat
sum either in the year of flowering or in one or more
years prior to flowering (Bliss 1971). Plants at the
northern limits of their ranges reproduce sexually only
on very rare occasions. Thus a climatic warming,
particularly if associated with a longer growing season,
could substantially increase reproductive output. This
increase in reproductive output would be most pro
nounced at the northern limit of present plant dis
tributions and would be essential for any northern
shift in plant distributions. Present northern distri
butions are tightly correlated with ambient tempera
ture (Young 1971).

S e a s o n L e n g th (d )
Figure 3. Simulated annual carbon gain of coastal tundra
graminoids as a function of length of season (Redrawn from
Miller et al. 1976).

T e m p e r a tu r e (°C )

Figure 4. Temperature response of phosphate absorption by an
Arctic grass (D upontia) and of rubidium absorption by a
temperate-zone grass (H ordeum ) (Chapin and Bloom 1976,
Carey and Berry 1978).

stiggestiiig that any temperature effects upon decom
position and nutrient availability would have immedi
ate carry-over into nutrient absorption by plants.
Moreover, nutrient absorption by most plants is highly
correlated with growth rate and demand for nutrients
(Clarkson and Hanson 1980, Chapin 1980), so, if
increased air temperature caused increased shoot
growth, this would probably increase the capacity of
plants to absorb nutrients from soil, as has been
demonstrated in field-temperature manipulations
(Chapin and Bloom 1976).

NUTRIENT CYCLING
Growth of most Arctic plants is strongly nutrientlimited (Warren Wilson 1957, McKendrick et al. 1978,
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EVIDENCE FOR TEMPERATURE RESPONSE TO
CLIMATIC WARMING

Shaver and Chapin 1980) so that the expected in
creases in plant growth with warmer, longer, growing
seasons may not occur unless there is a corresponding
increase in nutrient supply to vegetation. Low tem 
perature strongly limits the rate of nutrient supply to
plants in the present climate in several ways (fig. 1).
(1) Low temperature results in minimal chemical
weathering of parent material. (2) Low temperature
limits the moisture-holding capacity of the air and
therefore the am ount of precipitation and atmospheric
input of nutrients. Temperate-zone ecosystems have
ten-fold-higher atmospheric input of nutrients than the
Arctic, and these externally supplied nutrients com
prise a larger proportion of the nutrients that cycle
through vegetation (Chapin et al. 1980, Dowding et al.
1981). (3) Low temperature limits nitrogen fixation
in the Arctic (4) Low temperature limits recycling of
organically bound nutrients through the decom
position process.
At present, more than 90 per cent of the annual
nitrogen and phosphorus requirements of tundra plants
are met through minerals released by decomposition,
and decomposition is the major bottleneck in nutrient
cycling in the Arctic (Chapin et al. 1980). Tundra
microorganisms are well adapted to low temperature.
Their respiration rate has a low temperature optimum
and is relatively insensitive to temperature changes
below that optimum (Flanagan and Veum 1974,
Flanagan and Bunnell 1980). Thus, as with tundra
plants, it is unlikely that a climatic warming would
substantially alter decomposition rate through direct
temperature effects on decomposition. However, the
indirect effects of temperature strongly limit the
activity and numbers of tundra microorganisms, and a
climatic warming would probably substantially in
crease decomposition rates through these indirect
temperature effects. Microbial decomposition is
presently limited by length of their season of activity.
Moreover, the occurrence of anaerobic conditions
resulting from a high water table due to presence of
permafrost serves to reduce microbial activity. Con
sequently microbial biomass and annual nutrient
fluxes through tundra ecosystems are an order of
magnitude lower than in comparable temperate-zone
systems (Flanagan and Bunnell 1980, Chapin et al.
1980). The expected response of decomposition would
depend very much on changes in soil-moisture regime
(Billings et al. in press), which in turn would be in
fluenced primarily by thaw depth and precipitation.

In the past, tundra community composition has
responded sensitively to moderate changes in ambient
temperature. For example, during the Hypsithermal,
when air temperatures rose no more than is projected
with the current rise in carbon dioxide, the latitudinal
timberline moved north considerably, and large alders
were found all the way to the Arctic coast. Under
these conditions, productivity was apparently much
greater than at present and must have been supported
by a corresponding increase in rates of decomposition
and nutrient cycling.
A limited number of field experiments have been
done which indicate that tundra is much more sensi
tive to temperature than would be predicted from a
single temperature response of the vegetation. At
Barrow, heating of the soil greatly increased plant
production by increasing nutrient availability (through
enhanced decomposition) and increasing the capacity
of plants to absorb nutrients (Chapin and Bloom
1976).
In tussock tundra, field greenhouses erected over
natural tundra caused substantial increases in growth
of some species after 2 years (Chapin and Shaver
unpubl.). Comparison of these two experiments sug
gests that soil temperatures are the major avenue by
which low temperature limits plant growth. This con
clusion is consistent with observations around Arctic
warm springs where there is often luxurious plant
growth associated with warmer soils but where there
are only moderately warmer air temperatures (e.g.
Murray 1980). Similarly, tundra vehicle trails are only
2°C warmer than adjacent undisturbed tundra, yet
have much greater productivity (Chapin and Shaver
1981). It seems that very subtle changes in soil tem 
perature and associated variables can profoundly affect
the productivity and function of Arctic tundra, acting
primarily through indirect temperature effects such as
length of growing season and soil aeration, o
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Alaskan Plants
And Atmospheric Carbon Dioxide

Bjartmar Sveinbjornsson*

ABSTRACT
Recent studies indicate that global atmospheric carbon dioxide concentration may
double by the year 2030. This increase is likely to be accompanied by changes in soil and
air temperature and precipitation patterns. The temperature increase is expected to be
disproportionately large in northern areas. Precipitation may decrease in Alaska.
The effects of these changes must be evaluated together in order to obtain a frame
work for analysis and research. First the effect o f each parameter, i.e. carbon dioxide con
centration, temperature, and water relations, is discussed separately, then an attempt is
made to combine the potential effects.
The effect of raised carbon dioxide concentration per se has been studied in relation
to plant photosynthesis, m ostly by short-term exposure. Only a few northern plants have
been studied in this respect; most of these studies have been carried out in the Soviet
Union. The results of these studies as well as relevant studies on midlatitude plants are
evaluated. The effect of long-term exposure to raised carbon dioxide concentration has
been far less studied, but the limited information indicates complex interactions affecting
various processes simultaneously.
It is suggested that, at least in certain areas, the local carbon dioxide concentration
may far exceed the global one due to increased soil respiration brought about by raised
soil temperatures. Thus the plant can be seen reacting to periodically very high carbon
dioxide concentrations alternating with the high background concentrations. Photo
synthetic restraints such as limited nutrient supply and temperature-limited phloem
loadings are expected to be alleviated by the temperature effects on soil decomposition
and induced enzyme activity.
Changes in vegetation patterns and community com position are to be expected with
the possibility of steppe vegetation of highly productive grasses arising where rainfall
diminishes. Forests presently found in southeastern Alaska are expected to migrate north
and west along the coast while the forests now found in other parts o f the state may
move further up mountain slopes and north into the tundra.

al. 1976) while the terrestial biomass has decreased and
fossil fuel use has increased (Olson et al. 1978, Woodwell et al. 1978).
Carbon dioxide has absorptive characteristics
which are expected to lead to increased global tem
peratures, with polar regions disproportionately affect
ed. The temperature increase is thus expected to be
higher in polar regions than in temperate and equato
rial regions. This temperature increase is expected to

INTRODUCTION
The global concentration of atmospheric carbon
dioxide has been shown to have risen by about one to
two ppm per year during the last 25 years (Keeling et

* Bjartmar Sveinbjornsson: Department of Biological Sciences,
University of Alaska, Anchorage,
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be large in the late summer and autumn (Manabe and
Wetherald 1975, Manabe and Stouffer 1979).
Precipitation patterns are also expected to change
with some areas, especially continental centers, becom
ing dry while coastal areas may become wetter. Poten
tial radiation will of course not change, but changes in
precipitation will probably be accompanied by changes
in cloud cover and atmospheric dust affecting radiation
flux density.
How will these environmental changes affect
Alaskan plants? In order to evaluate the potential
effects of raised atmospheric carbon dioxide concen
trations and associated changes, I will consider several
plant processes and provide evidence of how they are
affected by carbon dioxide, temperature, moisture,
and nutrient supply.

synthetic pathway, but all those studied have exhibited
the C-3 fixation pathway (Tieszen and Sigurdson
1973). It is worth pointing out, however, that most
photosynthetic studies in Alaska have taken place on
the Arctic North Slope and few studies have been
conducted in southern Alaska where C-4 plants have
a logically highest probability of being found.
The effect of raised carbon dioxide concentration
on net photosynthesis of Alaskan paper birch from
southcentral Alaska (Blaney pers. comm.) is shown in
Figure 2. Judging from the graph, one would expect
twice the net photosynthetic rate in paper birch at
double the present carbon dioxide concentration, a
condition which is expected to happen about year
2030.

Carbon Dioxide
Several studies have shown that plants that exhibit
the C-3 pathway of carbon dioxide fixation are more
sensitive to carbon dioxide concentration than those
exhibiting the C-4 carbon dioxide fixation pathway
(Mauney et al. 1978, Patterson and Flint 1980). In
C-3 plants, net photosynthesis increases proportion
ately with increased atmospheric carbon dioxide con
centration within a range of at least twice the presentday atmospheric concentration (340-680 ppm) (fig. 1).
Most studies have centered on temperate-zone plants,
mostly crops under greenhouse conditions where soil
nutrition and water were optimal (e.g. Thomas and
Hill 1949).
^
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Figure 2. The effect of carbon dioxide concentration on net
photosynthesis of paper birch, Betula papyrifera, from southcentral Alaska.

Soviet scientists (Shvetsova and Voznesenskey
1970, Gerasimenko and Zolensky 1973, Morozov
1978) have studied photosynthesis of northern plants
at present-day and saturation carbon dioxide concen
trations. Although they did not study the effects of a
stepwise change in carbon dioxide concentration on
net photosynthesis, and thus their results do not allow
prediction of future photosynthetic rates, their results
are nevertheless interesting. They show (fig. 3) that
plants with high, net, photosynthetic rates will increase
their rate more than will plants with low rates; in other
words there exists a broad, positive correlation be
tween present-day photosynthetic capacities and
future increase in these.
It is already well established that maximal, net,
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Figure 1. The relationship between net photosynthesis and
external carbon dioxide concentration in Pharbitis nil Choisy
(Hicklenton and Jolliffe 1980).

Alaskan plants have not been systematically in
vestigated to determine the nature of their photo
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photosynthetic rates differ among tundra growth
forms (Table 1). The highest rates are found among
graminoids and forbs followed by deciduous dwarf
shrubs, with evergreen shrubs exhibiting the lowest
rates among vascular plants. Mosses trail evergreen
shrubs, and lichens show the lowest rates (Tieszen et
al. 1981). It appears that these relationships apply for
other regions such as the subarctic where black spruce
shows rates similar to tundra evergreen shurbs
(Vowinckel et al. 1975), and mountain birch in Scan
dinavia exhibits similar rates as does dwarf birch in
Alaska (Sveinbjornsson 1982, Limbach and Oechel
1981).
Table 1. Estimates of light-saturated rates of carbon dioxide
uptake in tundra field plants. Since in some cases only a few
measurements were taken, these may represent minimal esti
mates (from Tieszen et al. 1981).
CO2 uptake (mg C 0 2 h 1)
Plant type

g dw 1

dm"2 leaf area

A. Herbaceous plants
1. Tundra graminoids
2. Tundra forbs
B. Woody plants
1. Tundra deciduous
dwarf shrubs
2. Tundra evergreen
dwarf shrubs

13.6
15.3

17.7
15.4

13.3

14.7

6.5

4.7

C. Mosses

2.0

D. Lichens

0.4

I
v-

CT>
•

Several long-term experiments show that long-term
effects on photosynthesis from carbon dioxide expo
sure are not predictable from short-term ones. Photo
synthesis of leaves exposed to high carbon dioxide
concentrations has been shown to rise at first but sub
sequently drop below original rates (Aoki and Yabuki
1977). This drop may result from negative effects of
accummulated starch in leaves (Thomas et al. 1975,
Mauney et al. 1979), as from changes in leaf structure
(Ho 1977).
In the above discussion, the rates of photosynthesis
have been expressed on leaf area or dry weight of the
leaves. However, it has been shown that plants exposed
to higher carbon dioxide concentration frequently
change their growth pattern: branding more and pro
ducing greater leaf surface area resulting in greater
yield per plant. Indeed, studies have shown greater
yield of plants when grown under raised carbon
dioxide concentration (Tinus 1972, Mauney et al.
1978).
Processes other than photosynthesis and growth
patterns are affected by raised carbon dioxide levels.
The effect of day length on flowering in short- and
long-day plants is altered by atmospheric carbon di
oxide increase (Kandeler 1964, Purohit and Tregunna
1974, Hicklenton and Jolliffe 1980).
Nitrogen fixation by soybean root nodules has
been shown to be increased by long-term elevation of
carbon dioxide levels due to increased growth of the
nodules rather than increased specific activity of these
(Finn and Brun 1982, Williams et al. 1982). This was
attributed to increased carbohydrate supply to the
nodules. This may mean that growth of nodulated
Alaskan plants will be greatly increased, especially
since it has been shown that the temperature optimum
for nitrogen fixation is often substantially higher than
ambient (Kallio et al. 1972).
Temperature

Photosynthetic rate at

340

ppm

The effect of raised temperature on plant function
ing is difficult to evaluate. Photosynthetic tempera
ture optima of Arctic Alaskan plants are generally
higher than ambient temperatures (Tieszen 1975,
Oechel and Sveinbjornsson 1978) and thus photo
synthesis may be expected to increase (fig. 4). Phloem
loading is also temperature limited and may thus
increase to meet the increased demand due to higher
photosynthesis. However temperature relations of
photosynthesis and respiration are somewhat flexible
although less so than in most southern plants (Billings
et al. 1971, Sveinbjornsson and Oechel in press).
Temperature increase will probably lead to increased
soil respiration in relation to photosynthesis, especially
if the water table is lowered (Billings et al. 1982).
Increased soil respiration will generate diurnally high

CO 2

(mg C 02 -g’1 • h1)
Figure 3. The calculated response of net photosynthetic rate to
increased carbon dioxide concentrations in the atmosphere
(Miller et al. 1980).

151

This scenario of decreased interior precipitation
agrees nicely with the negative correlation between
summer temperature and summer precipitation demon
strated for the Interior by Bowling (this volume).
Nutrients
With increased temperature, decomposition of soil
organic m atter will be accelerated in well-drained soils,
releasing nutrient for uptake by plants. Increased net
photosynthesis due to raised carbon dioxide levels and
temperature will increase the demand on nutrients
such as phosphorus (Ursuda and Edwards 1982); the
question is, Which process, photosynthesis or decom
position, will be enhanced more? Plants from nutrientpoor soils generally respond to nutrient increase by
hoarding, that is, by increased nutrient accumulation
and tissue concentration, rather than by greatly stimu
lated growth (Chapin 1980).
Nitrogen input to the ecosystems can be expected
to be increased because, as stated earlier, nitrogen fixa
tion has a higher temperature optimum than presentday ambient temperatures and because carbohydrates
for nitrogen fixers will be more available due to in
creased photosynthesis. Whether increased nitrogen
input will meet increased demand remains an open
question.

T e m p e r a tu r e (°C )
Figure 4. The relationship between daily uptake of carbon
dioxide and temperature optimum for photosynthesis (redrawn
from Tieszen et al. 1980).

carbon dioxide concentrations, resulting in potentially
increased morning carbon dioxide uptake through
photosynthesis. This effect is already occurring,
although it is ignored in most studies.
The temperature increase is expected, as stated
above, to lengthen the potential growing season into
the fall more than the spring. Fall is a period of de
creasing net photosynthesis due to decreasing day
length and photon flux densities and lengthening
respiration periods.
At the present time, low fall night temperatures
minimize the dark respiration loss (Sveinbjornsson and
Oechel 1980, Sveinbjornsson 1982). As the fall gets
warmer, increases in daytime photosynthesis are
expected to be more than offset by increasing night
respiration. Total plant-carbon loss is further increased
due to the predominantly photoperiodically controlled
senescence in deciduous plants.
Temperature also affects plant phenology, such as
flowering (Chapin this volume).

Effects of Carbon Dioxide and Climate Changes on
Alaskan Vegetation Types
The combined effects of all potential changes are
difficult to envisage. It has been stated at this confer
ence (Viereck and Van Cleve this volume) that the floristic composition of communities is not likely to
change, but that community cover is likely to be
altered. I would, however, expect some floristic
changes, since it is likely th at changing carbon dioxide
will adversely affect the reproductive pattern of some
plants as well as perhaps negatively affect their com
petitive abilities (Hicklenton and Jolliffe 1980).
One could expect succession to speed up; for
example, with faster nitrogen fixation of alder, the
time for their replacement by Sitka spruce and hem
lock species (Crocker and Major 1955) should be
shortened. Increased fire frequency in the drier,
warmer Interior will also no doubt increase the rate of
change.
Community displacement is expected to be sub
stantial with increased extent of Artemesia-grassland
communities in the Interior due to drying and warm
ing, while the southeast forest type could be expected
to migrate along the southwest coast. Much steeper
vegetation gradients would be found in response to
sharper moisture gradients. The grasslands could be
highly productive in spite of water stress, since wateruse efficiency has been shown to improve under

Water Relations
The greatest unknown in the picture of increased
atmospheric carbon dioxide is water availability. On
one hand, it seems resonable to assume that, in the
absence of increased precipitation and air humidity,
evapotranspiration will increase and thus lead to plant
water stress. This water stress will lead to reduced
photosynthesis and respiration, although photosynthe
sis will be less affected than one might expect due to a
greater water-use efficiency in a higher carbon dioxideconcentration atmosphere (Gifford 1979).
On the other hand, coastal areas might well see an
increase in humidity and precipitation resulting in
greater contrast between parts of the state. Increased
humidity would act to further productivity on welldrained soils while decreasing productivity on water
logged ones.

152

Two approaches to the studies so far undertaken
(Billings et al. 1982; Oechel and Prudhomme, this
volume) have been exposure of ecosystem cores under
simulated Arctic condition to elevated carbon dioxide
concentration! and exposure of ecosystems in situ to
raised carbon dioxide. Both studies were at ecosystem
level, and both focused on the Arctic tundra. It is
suggested that other ecosystems be considered, espe
cially ecosystem boundaries such as elevational and
latitudinal treelines. It is further recommended that
individual plant species and populations be made
objects of both laboratory and field studies, and im
portant plant processes such as net carbon dioxideexchange rates and mineral nutrient uptake and their
interrelationships be evaluated. O

raised carbon dioxide concentrations (Gifford 1979).
Tundra vegetation should decrease in extent as the
treeline advances upwards and northwards and sea
level rises.
Research recommendations
Any study of the effects of increased atmospheric
carbon dioxide should concentrate on the effects of
the carbon dioxide itself on plant and ecosystem
structure and functioning. We can be reasonably
certain that carbon dioxide has increased systematical
ly and will continue to do so while the effect on
global temperatures is more open to doubt and could
be offset by increased atmospheric dust for example.
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Ecosystems

Net Ecosystem Gas Exchange
A t Ambient and Elevated Carbon Dioxide Concentrations
In Tussock Tundra at Toolik Lake, Alaska:
An Evaluation of Methods and Initial Results
T.I. Prudhomme, W.C. Oechel, S.J. Hastings, and W.T. Lawrence*

ABSTRACT
A small prototype greenhouse with controlled carbon dioxide concentrations and
temperatures was developed and used to measure net carbon dioxide flux in tussock
tundra in Alaska. Carbon dioxide concentrations were maintained at 330 ppm, represent
ing ambient, or at an elevated level of 600 ppm by either adding pure carbon dioxide gas
or by scrubbing the greenhouse air through soda lime. Air temperature within the green
house was maintained at the ambient levels using a temperature controller attached to a
refrigeration unit with a remote heat exchanger inside the enclosure. Temperatures of the
air, moss surface, Betula nana leaves, Eriophorum vaginatum stem base, and of the soil at
2- and 10-cm depth were monitored within and outside the greenhouse.
The gas-exchange system was capable of maintaining the carbon dioxide concentra
tion within the greenhouse at the levels set during the sunlit period, but carbon dioxide
tended to accumulate during periods of darkness. Temperature control within the green
house was good. Greenhouse air and leaf temperatures closely tracked ambient tempera
tures. Eriophorum vaginatum stem base temperatures were higher inside the greenhouses.
The tussock tundra was found to be a major sink for carbon dioxide under ambient
conditions during the period measured. Rates of carbon dioxide accumulation o f up to
4.8 ± 0 .8g C 0 2 m "2 d"1 were observed. Mean net daily community carbon dioxide up
take increased by five to six times under elevated carbon dioxide concentrations. These
measurements suggest that tussock tundra could becom e an even larger sink for atmo
spheric carbon with the predicted increases in carbon dioxide concentration.

INTRODUCTION

concentration of carbon dioxide in the earth’s atmo
sphere has recently been increasing at the rate o f 1.4
ppm per year (Keeling 1982) due primarily to the
burning of fossil fuels (Baes et al. 1977). Although
world temperatures are currently decreasing, the in
crease in atmospheric carbon dioxide is generally ex
pected to result in an increased world temperature.
Temperatures at northern latitudes are expected to in
crease more than temperatures near the equator. While
temperatures at the equator may increase 2°C, tem 
peratures north of 60° N latitude may increase 4-1 1°C
(Manabe and Wetherald 1975, Olson et al. 1978,
Wigley et al. 1980). In the Arctic, summer air tempera
tures are expected to increase less than winter tempera
tures, and an increase of about 3°C in July is now

The impact of potential climatic changes induced
by increases in carbon dioxide concentration is of
fundamental importance in the prediction of primary
production in natural and agricultural ecosystems. The
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expected at the latitude of the north slope o f Alaska
(Wetherald and Manabe 1982). A higher atmospheric
carbon dioxide concentration would positively affect
photosynthesis (Kramer and Koslowski 1979, Green
and Wright 1977, Strain 1978); and a concomitant rise
in global temperature would affect respiration, decom
position, and nutrient-cycling processes. Information is
not currently available on differential species responses
to elevated carbon dioxide or subsequent changes in
community production which would allow predicitions
of the long-term ecological effects of elevated carbon
dioxide.

Arctic ecosystems and contributing to a further en
hancement of decomposition processes.
The complexity of the anticipated effects and the
need to be able to predict the consequences o f carbon
dioxide-induced climatic change on northern eco
systems requires the use of computer-based models. It
predicts an increase in carbon accumulation rates of
2-8 times with a doubling of carbon dioxide and the
anticipated temperature increases. These results, in
contradiction to those of Billings et al. 1982, suggest
that 5-10 per cent o f the carbon added to the atmo
sphere from fossil-fuel contribution will be sequestered
in northern ecosystems. Field research is needed to
rectify these opposing predictions.
Simulation models of both current tundra pro
ductivity and long-term changes due to changes in
carbon dioxide concentration and temperature must
ultimately be validated with field measurements
carried out under elevated carbon dioxide and temp
erature regimes over a long period of time. To conduct
such long-term field experiments requires new meth
odology. In the summer o f 1981, a study was initiated
to develop and test a small prototype greenhouse with
controlled carbon dioxide concentrations and tempera
tures. This greenhouse was used to measure commu
nity carbon dioxide flux in tussock tundra. Our
objective in this study was to begin to develop the
m ethodology needed to measure long-term ecosystem
response to elevated carbon dioxide concentrations.

Ecosystems north of 60° N have low annual pro
ductivity and low above-ground standing crops o f car
bon. However, they have large accumulations of car
bon stored in dead organic matter which has slowly
accumulated during the last 10,000 years. The effect of
climatic change on carbon-accumulation rates in
northern ecosystems is unknown, and more precise
measurements are needed. If the carbon balance of
northern terrestrial systems becomes negative due to
increased respiration at the higher temperatures, then
the carbon dioxide released into the atmosphere could
contribute to further increases in global temperatures.
Conversely, if the carbon balance stays positive and is
amplified, carbon sequestering by northern ecosystems
could help stabilize the global climate. Phytotron ex
periments using excised cores from Barrow, Alaska, in
dicated that, with an 8°C increase in July tempera
tures, the tundra would become a source for atmo
spheric carbon dioxide (Billings et al. 1982).

MATERIALS AND METHODS

The cool climate, short growing season, and nu
trient-poor soils characteristic o f northern environ
ments have led to adaptations in plants and in soil
organisms to low temperature and low nutrient avail
ability (Chapin et al. 1978, Flanagan and Bunnell
1980). In addition, the low rate of decomposition
relative to primary production has caused an accumula
tion of carbon as dead organic matter equal to about
21 per cent of the carbon mass currently in terrestrial
ecosystems (Miller, Kendall, and Oechel 1983). Other
estimates range from 10 to 27 per cent of the worlds
carbon occuring in northern ecosystems (Schlesinger
1977, 1979; Armetano 1979; Miller 1980). An increase
in temperature would increase the decomposition rate
and lower the permafrost table, thus effectively in
creasing the amount of active soil. The subsequent
release of sequestered nutrients, increase in available
rooting depth, and soil warming would all strongly
affect both community composition and productivity
(Webber 1978, Webber et al. 1980, McCown 1978,
Ulrich and Gersper 1978, Chapin 1978). Atmospheric
carbon dioxide concentrations would increase locally
due to the breakdown of accumulated carbon in the
soils, thus enhancing the temperature increase in

Study Site and Greenhouse Description
The study site was located at Toolik Lake camp
approximtaely 200 km south o f Prudhoe Bay, Alaska,
along the Trans Alaska Pipeline haul road. The vegeta
tion type was typical tussock tundra (Britton 1966,
Wien and Bliss 1974), although perhaps wetter than
that described by Shaver and Chapin (1980) for Eagle
Creek, Alaska. A prototype greenhouse was set up on
17 July 1981, and measurements were made until 14
August 1981 when the greenhouse was dismantled.
The greenhouse had a 127-mm (0 .5 ”) PVC (polyvinyl
chloride) tubing frame, covered with 0.8-mm clear
plastic sheeting and enclosed a surface area of 1.65m 2 .
Glavanized sheet metal was sunk 10-15 cm into the soil
around the base of the frame of the greenhouse. The
plastic sheeting was sealed at the base of the frame
with silicone seal and duct tape.
Control of Carbon Dioxide Concentration and
Temperature
Carbon dioxide concentrations inside the green
house enclosure were continuously monitored using an
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the heat generated by solar radiation inside the green
house. A modified Yellow Springs Instrument Co.
Model 71A temperature controller set to track ambient
air temperature activated a 0.33-hp, 2300-BTU cap
acity compressor unit which was attached to a remote
heat exchanger inside the greenhouse. The fans inside
the greenhouse operated continuously to ensure ade
quate mixing of the air and carbon dioxide. Levels of
incoming solar radiation were measured with a Kipp
and Zolen solar radiometer and were continuously
recorded on a strip-chart recorder. The entire system
was powered by a 6.5 kw Onan generator. Tempera
tures of the air, moss surface, Betula nana leaves, an
Eriophorum vaginatum stem base, and of the soil at
2-cm and 10-cm depths both inside and outside the
greenhouse were measured at least twice each day,
using Cu-Cn, type T thermocouples read by an Esterline Angus 24 pt recorder. On most days, however,
these temperatures were recorded more often in order
to estimate how well the temperature profile inside the
greenhouse was matching ambient temperatures.
Community productivity at 330 ppm carbon di
oxide was measured between 18-20 July and from 6-11
August. The concentration of carbon dioxide was
elevated to 600 ppm and the community response
measured from 27-31 July. After the greenhouse was
dismantled on 14 August, all above-ground vegetation
including the green moss was clipped from the 1.65m2 area that had been enclosed in the greenhouse. The
plant material was separated, dried, and weighed.
The mass of carbon dioxide going into the green
house was calculated from the flow rate and the
number of minutes that carbon dioxide was injected.
The mass of carbon dioxide removed was calculated
based on volume of air removed, its carbon dioxide
concentration, and the length of time that the green
house air was scrubbed. The difference between the
mass of carbon dioxide injected and removed to main
tain ambient or elevated carbon dioxide levels in the
greenhouse was the net carbon uptake by the com
munity; this measure was expressed as community
production in g C 0 2 m"2 day’1.

Analytical Development Co. Model 225 Infrared Gas
Analyzer in the absolute-measurement mode (fig. 1).
Concentrations were maintained at 330 ppm carbon
dioxide, representing ambient, or at an elevated level
of 600 ppm carbon dioxide either by adding pure
carbon dioxide gas or by scrubbing the greenhouse air
through soda lime. The addition or scrubbing of
carbon dioxide was done at a known flow rate and for
a measured amount of time. The millivolt ouput from
the IRGA was compared to a set-point voltage by a
control circuit which either switched on a scrubbing
pump when the carbon dioxide level was too high or
opened a solenoid allowing carbon dioxide gas to flow
into the greenhouse when the concentration of carbon
dioxide was below the set point. The injection rate of
carbon dioxide was controlled through the use of a
pressure regulator and a Brooks Instruments Sho-rate
flow meter.

Figure 1. Schematic diagram of the in situ carbon dioxide and
temperature-controlled greenhouse used to measure community
carbon dioxide exchange of tussock tundra at Toolik Lake,
Alaska. 1. Compressor, 2. YSI 71A controller, 3. external
thermistor, 4. internal thermistor, 5. heat exchanger and fans,
6 . greenhouse, 7. on /off solenoid, 8 . flow meter, 9. carbon
dioxide-gas cylinder, 10. timers, 11. carbon dioxide-control
circuit, 12. ADC infrared gas analyzer, 13. pump, 14. scrub
pump, 15. soda lime.

RESULTS

The volume within the greenhouse was calculated
at 1350 liters, and carbon dioxide gas was added at 2080 ml per minute. The greenhouse air was scrubbed
over soda lime at 3.5-4.5 liters per minute. Based on
estimates of net daily carbon dioxide uptake rates in
tussock tundra, we expected these flow rates to be
sufficient to maintain a constant carbon dioxide
concentration.
Air temperature within the greenhouse was main
tained at the desired ambient levels by cooling against

The gas-exchange system was capable of maintain
ing the carbon dioxide concentration within the green
house at the set levels during the sunlit period from
about 300 to 2100 h when net uptake of carbon di
oxide occurred. However, during the periods of dark
ness, carbon dioxide tended to accumulate in the
chamber. For example, when attempting to maintain
330 ppm carbon dioxide inside greenhouses, the night
time concentrations were 400-450 ppm. When the
plants were primarily respiring, the scrub-system flow
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rate was too low and carbon dioxide was not removed
rapidly enough from the greenhouse.
Maintaining 600 ppm carbon dioxide in the proto
type greenhouse was difficult because the gradient
between the ambient air and the elevated level within
the greenhouse was large. Even though there were
no obvious leaks in the greenhouse, the flexible-plasticsheet construction was not adequate to prevent some
loss of carbon dioxide. The calculated leakage rate was
a loss of 3.9 ml carbon dioxide per minute, or 5-10 per
cent of the addition rate. Every 6 hours, the green
house was losing an amount o f carbon dioxide equiv
alent to that contained in one greenhouse volume at
600 ppm.
Chamber leakage was calculated by first estimating
the chamber resistance to loss of carbon dioxide at the
elevated-concentration level. The resistance value was
calculated from measurements taken at night o f the
initial drop in concentration from 600 ppm with no
addition or scrubbing of carbon dioxide. The formula
used was
concentration gradient (600-3 30)
Chamber resistance = -----------;-------- ;------------- :------------- w
ml C 0 2 lost per minute

greenhouse were highly correlated (R2 = 0.94) with a
slope of 1 (fig. 2c). However, temperatures measured
at the stem base of E. vaginatum in the greenhouse
were higher than those measured in E. vaginatum
outside the greenhouse. This temperature differential
could exceed 5°C under sunny conditions at midday
(fig. 2d). In each case, the regression equations fitted
to the data were significant (p < 0.001) and explained
82-95 per cent of the variation.
Leaf temperatures were highly correlated with air
temperature both inside and outside of the greenhouse
(R2 > 0.97). Leaves in ambient conditions were warm
relative to measured air temperatures during sunny
periods and slightly cooler during the evening, perhaps
due to loss of radiated heat. However, in the green
house, leaves and air temperatures were almost iden
tical (R2 = 0.996, slope = 1). The constant mixing of
air within the greenhouse probably accounted for the
reduction in leaf-temperature variation.
Soil temperature measured at 2- and 10-cm depth
did not show any clear difference between greenhouse
and ambient temperatures. Spatial variations apparent
ly masked most of the effects o f the greenhouse on
below-ground temperatures. However, soil tempera
tures at 2 cm appeared to be somewhat warmer inside
the greenhouse than outside.
The mean, net, community productivity (± S.E.)
at 330 ppm was 4.76 ± 0.84 g C 0 2 m’2 day’1 during
the period 18-26 July and 1.51 ± 0.32 g C 0 2 m 2
day _1 from 6-11 August (table 1). Over the entire
measurement period, the values ranged from 0.5 to
8.5 g C 0 2 m’2 day’1. The three factors most likely to
explain most of the measured variations were solar
irradiance, mean daily air temperature, and the date
during the summer season. Linear-regression analysis
was used to compare community productivity in re
sponse to these three factors. In each case the regres
sions were significant (p < 0.05).
Net productivity increased with increasing incom
ing solar irradiance, and the compensation point for
solar irradiance was 21 cal m’2 day’1. The weak cor
relation (R2 = 0.38) between carbon dioxide uptake
and irradiance may have been due to the lack of sensi
tivity of net photosynthetic rates to irradiances above
saturation. Variations in net respiration may also have
been important. Within the temperature range measur
ed, net productivity increased with mean daily tem 
perature (R2 = 0.50). Although the best-fitting quadra
tic model was an increasing parabola, the linear model
predicted compensation at a mean daily temperature
of 4.3°C. Seasonal effects explained about as much
variation in net community productivity as did tem
perature (R2 = 0.47). Over the entire sampling period,
net daily uptake under ambient conditions tended to
decrease. This decrease was expected because sene-

(y \

In this estimate of chamber resistance, a time period of
5 minutes was used in order to minimize the effect of
dark respiration on the measurement of the leakage
rate. Resistance was calculated for 4 consecutive days
and did not vary by more than ± 1 0 per cent. The
mean value from the 4 days o f measurements was used
in estimating the leakage rate. Using the calculated
chamber resistance, leakage was estimated using the
equation

Leakage (ml C 0 2/m in) =

concentration gradient (600-330)
* (2)
chamber resistance

Hence, the calculated rate of carbon dioxide uptake at
600 ppm was defined as the measured rate minus the
leakage loss of carbon dioxide of 3.9 ml carbon diox
ide per minute.
The refrigeration unit and the mixing fans were
able to maintain the air temperature within the green
house near ambient levels (fig. 2a). At higher ambient
temperatures, the greenhouse tended to be slightly
warmer than outside-, below 10°C, temperatures with
in the greenhouse were a little lower. Greenhouse and
ambient moss temperatures were strongly correlated
(R2 = 0.82), but temperatures inside the greenhouse
were consistently about 1.5°C higher (fig. 2b). Tem
peratures of B. nana leaves inside and outside the
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Figure 2a. Comparison of air temperatures within and outside the greenhouse. The dashed line is the temperature equivalence (Y=X).
The relationship is described by the model. Y = 1.12 X - 1.42 (R 2 = 0.95).
Figure 2b. Comparison of moss-surface temperature within and outside the greenhouse, Y = 1.01 X + 1.62 (R 2 = 0.82).
Figure 2c. Comparison of Betula nana leaf temperatures within and outside the greenhouse, Y = 0.99 X -0.18 (R 2 = 0.94).
Figure 2d. Comparison of temperatures at the base of E riophorum vaginatum within and outside the greenhouse, Y = 1.50 X -1.59
(R = 0.84).

scence had begun in many o f the plants within the
greenhouse by the last sampling day. The interim
period o f elevated carbon dioxide between the two
ambient measurement periods may also have affected
the latter measurements. However, after the elevated
carbon dioxide treatment, the greenhouse was open to
ambient air for 5 days prior to the last set o f measure
ments at 330 ppm. The 5-day buffering period should
have allowed the plants to equilibrate to the ambient
carbon dioxide levels before the measurements began.
During the first 3 days under the elevated regime,
net community productivity increased 5.3 times, then
declined rapidly (table 1). Apparently, the higher car
bon dioxide treatment initially stimulated photo
synthesis, but subsequent starch accumulation may
have inhibited this process. On the last day of carbon
dioxide enrichment, net accumulation was 9.7 g C 0 2
m"2 day'1, approximately twice the mean rate mea
sured during the previous ambient period. If we assume

that an initial equilibrium was established by the fifth
day, these data would indicate a linear response to a
two-fold increase in carbon dioxide concentration.
Table 1. Estimates o f net community productivity at ambient
(330 ppm) and elevated (600 ppm) carbon dioxide concentra
tions. The mean ± S. E. is given for both periods at ambient
carbon dioxide.
Treatment
Ambient
Elevated

Ambient
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Dates
18-26 July
27
28
29
30
31

July
July
July
July
July

6-11 August

g C 0 2 m' 2 d' 1 (± SE)
4.76 ± 0 .8 4
23.36
29.68
22.75
19.37
9.70
1.51 ± 0.32

DISCUSSION

Estimates of Community Productivity

System Control

Of the methods reviewed by Tieszen (1978) for
estimating tundra productivity at Barrow, Alaska, the
results obtained using the aerodynamic method (Coyne
and Kelly 1978) are most similar to the results pre
sented here. Estimates based on the cuvette method
(Tieszen 1978) and simulation models (Stoner et al.
1978) are high and inappropriate since both methods
ignore the contribution of the below-ground system to
daily carbon dioxide exchange. The rates of net carbon
dioxide assimilation presented here for Toolik Lake
fall between those obtained by the aerodynamic m eth
ods (Coyne and Kelly 1978) and the above-ground-biomass-production estimate (Tieszen 1972). Our results
are close to those obtained by the former method;
however, the aerodynamic method is limited in that no
manipulation of the carbon dioxide concentration is
possible.
Poole and Miller (1982) measured net community
evolution of carbon dioxide using the methods of
Minderman and Vulto (1973). They found that the
seasonal average of carbon dioxide evolution was 2.3,
1.4, and 1.7 g C 0 2 m"2 d ay '1 from tussock tundra,
shrub tundra, and lichen-heath, respectively. Miller,
Miller, and Miller (1983), using a similar technique
(Mathur, Hamilton, and Levesque 1979), measured
evolution rates of 1.53 - 3.96 g C 0 2 m"2 day _1 from
tussock tundra at Eagle Creek, Alaska. The methods
used in these two studies and results of Billings et al.
(1982) indicated that tundra ecosystems are sources of
atmospheric carbon dioxide, while the results of our
study indicated that the tussock-tundra ecosystems
may be a sink for carbon dioxide. Therefore, further
research is needed to establish the role of northern
ecosystems in the global carbon dioxide balance.
Since our present need is to ascertain the effects of
elevated carbon dioxide and temperature on communit productivity, a controlled greenhouse is the only
acceptable way to experimentally manipulate the
natural environment. Further, the development of sys
tems models to simulate the effects of enhanced car
bon dioxide should parallel devlopment of the system.
Extant models developed for northern ecosystems,
such as the Arctic Tundra Simulation (ARTUS) model
(Miller, Kendall, and Oechel 1983) and the Northern
Ecosystems Carbon Simulator (NECS; Miller, Miller,
Blake-Jacobsen, Chapin, Everett, Hilbert, Kummerow,
Linkins, Marion, Oechel, and Roberts 1983), presently
have no specific provision for simulative carbon
dioxide effects. The development of the field m eth
odology for community-level studies should continue
in order to provide the information needed to develop
models predicting overall responses of northern eco
systems to increasing concentrations of carbon
dioxide. O

The prototype greenhouse system developed for
this study accurately tracked ambient carbon dioxide
and temperature conditions with only minor deviations
from the external environment. However, modifica
tions of the system would greatly enhance its overall
performance. For example, a sturdy, presealed enclo
sure made of rigid Plexiglas would provide the air
tight seal needed to maintain high carbon dioxide
environments. The soft walls of plastic sheeting were
both too easily damaged by strong winds and too dif
ficult to seal properly. Two minor changes in the temperature-control system of the greenhouse would
effectively eliminate the deviations of temperatures
within the greenhouse from those measured outside.
First, the addition of a proportional solenoid in the
refrigeration unit would help match the cooling out
put with the actual cooling requirements in the green
house. Second, more or better-directed fans would mix
the air more effectively within the greenhouse at the
moss surface and maintain temperatures which more
closely approximate those measured outside the green
house. This would minimize any artificial increase in
below-ground temperatures.
If future greenhouses are to be kept in place over
natural vegetation for extended periods of time, pro
visions must be made to match relative humidity with
that experienced outside the greenhouse and to add
precipitation equivalent to that falling outside the
greenhouse. Further, as a closed system, the potential
exists for methane, isoprene, and other hydrocarbons
which are released in small quantitites from leaves or
soil to accumulate inside the greenhouse. Gas-chro
matographic analysis of air in the greenhouse would
monitor any such buildup, and a filter or venting
system could be included to remove excess amounts of
these gases. Further, the fastest and most accurate
method of controlling environmental variables and
measuring carbon dioxide uptake within the green
house would involve the use of a microcomputer
system. Computer-controlled systems are efficient and
reliable and allow a higher degree of flexible, detailed
control of the environment than enclosed chambers
(Oechel and Lawrence 1979). The technology pre
sently exists for an environmental-control and dataacquisition system which could effectively regulate
temperature, carbon dioxide concentration, relative
humidity, and precipitation while analyzing currently
produced data and storing the results. Such a system
would provide rapid, precise carbon dioxide uptake
estimates integrated over minutes rather than hours
and generate precise, simultaneously measured data
on environmental variables.
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Agriculture

The Rising Level of Atmospheric Carbon Dioxide:
An Agricultural Perspective

Sylvan Wittwer*

ABSTRACT
The rising level of atmospheric carbon dioxide (1.3-1.8 ppm/year) can have two
separate, but interrelated impacts on agriculture and the production of other renewable
resources from plants. They are climate change and biological productivity. Climate now
determines more about agricultural productivity and the stability o f food supplies than
any other single factor. With prospects of significant climate change (higher temperatures
and shifts in precipitation patterns), a greater research effort should be mounted to
alleviate climatic stresses. Season-to-season or interannual variations in temperature and
precipitation already exist in the major agricultural areas of the earth which are having
marked influences on both the magnitude and stability of food production. (Witness the
heat wave and drought of 1980 which reduced U.S. agricultural productivity by 20 per
cent.) All projections based on climate modelling indicate that Alaska may be impacted
more than any other part of the U.S. One should not have to wait for climate change to
be impelled to action. The problem is already here.
The striking biological effects of elevated levels o f atmospheric carbon dioxide have,
until now, received little attention or visibility. Yet they could be more significant than
those of climate change. They may, in fact, alleviate some of the effects on plants that
projected changes in climate could have. Elevated levels of atmospheric carbon dioxide
may alleviate, in part, severe light limitiations encountered by growing crops in green
houses in winter. They lower the light-compensation point. They result in a significant
increase in water-use efficiency in both cultivated crops and native species. There is
evidence that the present level of atmospheric carbon dioxide is suboptimal—and the
0 2 level is supraoptimal—for photosynthesis and primary productivity for the great
majority of plants on the earth. Finally, the combined climate and biological effects that
are projected for a rising level of atmospheric carbon dioxide, such as those on moisture
and drought, light intensities, temperature, nutrient deficiencies, and air pollution, will be
highly interactive.

INTRODUCTION
ability for hungry people. Dependable production is
just as im portant as the magnitude of output. In fact,
less uncertainty of crop yields, which provide directly
or indirectly over 95 per cent of the food people con
sume on this earth, could be the most sought-after goal
of mankind. This uncertainty is primarily a result of
climate variability. Two phenomena, total agricultural
output and dependability of production, both pri

The greatest challenge facing the people of the
world between now and the twenty-first century will
be to produce adequate food to meet the demands for
improved diets, rising affluence of nations, and an ex
panding global population, and to increase food avail
*Sylvan Wittwer: Agricultural Experiment Station, Michigan
State University, East Lansing, Michigan.
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marily crop-dependent, are thus identified as critical
to the future of all people of the earth. Both total crop
output and dependability of crop production may be
affected by the currently rising level of atmospheric
carbon dioxide (1.3 to 1.8 ppm/year). Primarily it is
tw enty crops that stand between man and starvation.1
Five of them (wheat, barley, oats, potatoes, sugar
beets) can be grown in Alaska.
The practices that result in rising levels of carbon
dioxide are global issues. Combustion of fossil fuels—
particularly oil, gas, and coal—deforestation, overgraz
ing, and the cultivation of agricultural lands contribute
to global atmospheric carbon dioxide. In the future,
the contributions of the United States, the Soviet
Union, and China to the pool of atmospheric carbon
dioxide will be particularly significant since these three
countries have 90 per cent of the coal reserves of the
world. While the per capita consumption of energy in
China is now about 5 per cent of that of the United
States, China has four times as many people, and the
country is rapidly becoming industrialized. Soil ero
sion, deforestation, and overgrazing are worldwide pro
blems, and all contribute to the rising level of atm o
spheric carbon dioxide. Conversely, there may now be
a significantly greater carbon dioxide uptake by
plants, as reflected by an increase in the intensity of
the metabolic cycle, from atmospheric enrichment it
self. This could now be resulting in a stimulation of
photosynthesis and improved water-use efficiency.
The progressive increase in the concentration of
atmospheric carbon dioxide (314 ppm in 1958 to over
340 ppm in 1982) amounts to a long-term global
experiment for which there is no certain climate or
biological model, and the outcome is fraught with
uncertainties (fig. 1.).
Since 1975, hundreds of studies have been con
ducted, papers prepared, national and international
conferences convened with proceedings published, and
committees and workshops organized; and numerous
scientific, popular, and semipopular articles have
appeared — all addressing what is generally referred to
as a presumptive “carbon dioxide problem .” Almost
w ithout exception, the focus has been on climate
change, with a doomsday perspective of distorted agri
cultural patterns and dislocations and flooded coastal

1 W ittwer, S.H. 1981. The 20 crops that stand betw een man and
starvation. Farm Chemicals 144(9): 17, 18, 23, 26, 28. The
author has, herein, extracted som e thoughts fro m his earlier
papers: Agricultural adaptation to the rising level o f atm ospher
ic carbon dioxide. Carbon Dioxide Reviews (in press), 1982.
Oakridge National Laboratory, Oakridge, Tennessee; Carbon
dioxide and clim ate change: A n agricultural perspective. Journal
o f Soil and Water Conservation 35(2): 116-120, 1980; and
Wittwer, S. H., and W. Robb. 1964. Carbon dioxide enrichm ent
o f greenhouse atm ospheres fo r fo o d crop production. Econ.
Bot. 18:34-56.
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Figure 1. Trend in atmospheric carbon dioxide concentration
from 1958-1980. (Source: Keeling 1976, updated by MACHTA)

cities from rising sea levels caused by melting polar ice
caps.
CLIMATE EFFECTS
Nearly all climate projections are based on data
provided by general circulation models which predict
a general warming of the earth's atmosphere if the car
bon dioxide level doubles. With a doubling, the average
global warming is projected to be 2° to 3.5°C, with a
range of 1.6 to 4.5°C and a mean of 2.4°C estimated as
the most likely values. According to these projections,
warming at the poles would be greatest. The tropics
would be warmed least, and the now-temperate zones
would experience intermediate warming. How quickly
this would happen, how much warming would occur,
and what the effects of the projected trend would be
on agricultural productivity are not known; nor is
there agreement among the “authorities.” If the m od
els project correctly, Alaska will be influenced more by
a carbon dioxide-induced climate change than any
other part of the United States (Juday 1982). A real
climatic warming could enhance the prospects for suc
cess in Alaska's new agricultural and forestry develop
ment projects, both as to yields and number of crops
that could be grown and harvested. Hawaii would be
the least affected. Recent analysis of both sector and
global models suggests a carbon dioxide-induced
dryness (reduction in zonal soil moisture) during the
summer season at middle and high latitudes by carbon
dioxide four times the normal atmospheric concen
tration of carbon dioxide (Manabe et al. 1981).
Almost all reports emanating thus far from the
multitude of conferences, workshops, and studies
addressing the presumed carbon dioxide problem and
climate change which have been given national and
international visibility warn of massive dislocations in
agriculture and food production caused by warming
trends and shifts in precipitation patterns. Visionary

fluences on both the magnitude and stability of
agricultural production.
If such environmental constraints are to be over
come, either the environment for crops must be
changed through protected cultivation or crops must
be adapted to environmental limitations. The potential
for environmental control of agricultural crops through
protected cultivation is limited, because controlledenvironment agriculture is capital, resource, and
management intensive. Nevertheless, the current revol
ution in the use of plastic covers and mulches for crop
protection in Japan, Korea, Taiwan, China, Israel,
France, Italy, the USSR, and many other nations
indicate this is not a technology to be ignored.
Another approach is to adapt crops to their envi
ronments. This will dictate a significantly greater re
search investment in studies that investigate how
climate stresses in crop production might best be
alleviated. Greater resistance to environmental stresses
has been identified by several United States National
Research Council/National Academy of Science re
ports and an international conference on Crop Pro
ductivity — Research Imperatives (Boyne Highlands,
Michigan, Oct. 24-29, 1975) (NAS 1977, Mich.AES
and C. F. Kettering Found. Res. Lab. 1976, Wittwer
1978). Such research should be done first —and most
im portantly — because of the highly significant inter
annual variations in both temperature and rainfall that
already exist in all major agricultural production areas
of the earth including the United States. Secondly, the
projected carbon dioxide-induced climate changes
should be anticipated more precisely. One should not
have to wait for first-detection effects of climate
change from a rising atmospheric level of carbon diox
ide to be impelled to action.

generalizations are the mode. No-one has identified
specifically what or where the climate changes would
be that would disrupt agricultural productivity. Nor is
it now possible to do so. The same evidence used to
predict disruptive effects on agriculture supports
equally well the theory that the benefits would be as
great as, or greater than, the disadvantages. Further
more, the climatic changes suggested by the predictive
general circulation models have not yet been confirm
ed by real-w orld phenomena, though substantial
increases in carbon dioxide already have occurred. No
verifiable “first detection” of climate change has been
reported despite extensive efforts that are under way
to do so. In fact, the “first detection” of an effect of
the rising level of atmospheric carbon dioxide might
be biological rather than climatic, as will be empahsized later in this report.
In any event, one positive effect of rising levels of
carbon dioxide on agricultural productivity could be
an increase in the length of the growing season. While
no great advantage might be anticipated for the Arctic
because of inherently low productivity, temperatezone agriculture, from which most of the surplus
grain is produced for international markets, might
benefit. This zone would include the United States
with Alaska, Canada, vast areas in the Soviet Union,
Northern and Western Europe, China, and, in the
Southern Hemisphere, Australia, New Zealand, and
Argentina. For example, it has been estimated that in
the United States, for each 1°C temperature rise, the
corn belt would move 175 kilometers further northeast
(Newman 1980). For many regions involving agri
cultural crops, forest tree, and range species, the length
of the frost-free growing season or the period with
temperatures above some minimum are as im portant
as seasonal mean temperatures.

BIOLOGICAL EFFECTS

The predicted effects on climate change induced
by rising levels of atmospheric carbon dioxide point to
a great gap in current agricultural research. Climate
now, and historically, determines more about agri
cultural productivity than any other single factor. Yet
little agricultural research focuses on the alleviation of
climate stresses on crops and livestock and the in
stability those stresses cause in food supplies, even
though high priority has been given to such research by
several national and international studies. An example
of this instability was observed in the United States
with the heat wave and drought in 1980. This weather
or climate combination reduced national agricultural
productivity by 20 per cent, compared with 1979 and
1981. Local deviations from the norms, in the summer
of 1980, in both temperature and rainfall have been
comparable to any projected for a doubling of carbon
dioxide in the earth’s atmosphere. Season-to-season or
interannual variations are compelling worldwide in

Photosynthesis
Biological effects of elevated levels of atmospheric
carbon dioxide are well known. Long-established
commercial practice in controlled-environment agri
culture has demonstrated that carbon dioxide enrich
ment (double and triple the current level of 340 ppm)
increases the productivity of winter-grown, greenhouse
vegetable (fig. 2) and flower crops even under con
ditions of severe light limitations. Such carbon dioxideenrichment practices are based on experiments under
practical commercial growing conditions that were not
short-term studies but investigations conducted
through entire life cycles of plants in many locations,
in the United Kingdom, Western Europe, United
States, Canada, and Japan. Similar results with wheat
in Australia have been obtained under highly control
led conditions (fig. 3). The increased intercellular
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Figure 3. Small greenhouse units for containment o f elevated
levels o f atmospheric carbon dioxide. Photo taken at Common
wealth Scientific and Industrial Research Organization (CSIRO),
Canberra, Australia.

longevity of the lower leaves in a crop canopy (Downton et al. 1980; Gifford 1977, 1979).
Water-Use Efficiency
It now appears that the most significant influence
of elevated levels of atmospheric carbon dioxide on
crop productivity may be an increase in water use
efficiency. This has now been demonstrated in numer
ous controlled experiments of long duration in Austra
lia and elsewhere with plants grown in full sunlight for
cultivated crops such as cotton a C-3 plant, and maize,
a C-4 plant, and for wheat several native shrubs of both
C-3 and C-4 metabolism (Downton et al. 1980; Gifford
1978; Wong 1979, 1980). Whereas the greatest en
hancement in rate of carbon dioxide-assimilation was
in cotton, a C-3 plant, the greatest reduction in trans
piration was in maize, a C-4 plant. These data and
other supporting reports strongly suggest that, con
trary to popular reports, the global area available for
agriculture could increase in the future because of the
currently rising level of atmospheric carbon dioxide.
This would result from increases in water-use effi
ciencies, greater carbon dioxide-assimilation rates, an
upward shifting of temperature optimums (a projected
climate change which would result from higher atm o
spheric carbon dioxide levels), and improved carbon
dioxide uptake and crop production, even where light
and moisture are limited. Furthermore, under some ex
tremes of environmental stress, there could be a

Figure 2. Effects of elevated levels of atmospheric carbon di
oxide on the growth of greenhouse lettuce. (Top: 1,000 ppm;
bottom: normal level of 3 35 ppm). Photo taken at Holwerda
Greenhouses in Grand Rapids, Mich.

carbon dioxide pressure from the higher atmospheric
levels is offered as the explanation. Deficiences of light
occur not only in greenhouses in winter time, but with
lower leaves in most canopies in the field during the
summer. Elevated levels of atmospheric carbon dioxide
also lower the light-compensation point. According to
recent results from Australian scientists this extends
the duration of the net carbon gain and possibly the

166

CLIMATIC

significant crop-production capability at some loca
tions under carbon dioxide enrichment whereas, at
current carbon dioxide levels, no productivity would
be possible.
The primary conclusion from all evidence is that
the present level of atmospheric carbon dioxide is
suboptimal and the 0 2 level is supraoptimal for
photosynthesis and primary productivity for the great
majority of plants and food crops of the earth. This
has been postulated repeatedly by the author and is
confirmed in large part by further evidence recently
cited by C. B. Osmund, O. Bjorkman, and D. J.
Anderson of the Commonwealth Scientific and Indus
trial Organization (CSIRO) of Australia (Osmund et
al. 1980). The position taken by P. J. Kramer (Kramer
1981) that responses to elevated levels of atmospheric
carbon dioxide are beneficial for crop productivity
only in the absence of other environmental stresses
(adequate sunlight, moisture, optimal temperatures,
soil nutrient levels) is not supported by current ex
perimental evidence.

BIOLOGICAL

Figure 4. Climate, biological, and biological-climate effects of
elevated levels o f atmospheric carbon dioxide on plants.

of weeds that use the C-3 pathway for photosynthesis
could, at higher levels of atmospheric carbon dioxide,
become more competitive with C-4 fooa crops such as
corn and sorghum. Conversely, other crops such as
cotton, soybean, and potatoes, all C-3 plants, now
plagued by weeds, may become better competitors in a
carbon dioxide-enriched world (Patterson and Flint
1980).
A significant and possibly deleterious effect of
carbon dioxide enrichment might be repressed syn
thesis of ribulose diphosphate carboxylase in the leaf
(Downton et al. 1980). This may have im portant im
plications for future protein quality since this enzyme
constitutes up to 50 per cent of the leaf protein in
C-3 plants. Rising carbon dioxide levels in the atm o
sphere, however, may counter decreases in the affinity
of the enzyme for carbon dioxide as temperature
rises and shift the temperature optimum for photo
synthesis upward.

Biological Nitrogen Fixation
Other biological effects of elevated levels of atm o
spheric carbon dioxide should be further examined
particularly the microbiological. The classical reports
of Hardy and Havelka (1975) of E. I. DuPont de
Nemours established that with field-grown soybeans
a sixfold increase in biological nitrogen fixation occur
red from symbioses with Rhizobium. This was accom
panied by a doubling of pod yield. Confirmatory
results were obtained with other food legumes. There
are other microbiological nitrogen-fixing associations
with crops related to enhancement of productivity.
These include not only the vast legume family and
Rhizobium species, but the Azolla-Anabaena for
rice and taro, Spirillum for tropical and range grasses,
and Actinom ycetes for a variety of angiosperm species
in forests. All evidence now indicates a rising level of
atmospheric carbon dioxide would have a very positive
effect on enhancement of nitrogen fixation for most
all biological systems, but the critical experiments have
not been conducted.

CONCLUSIONS AND PROJECTIONS
There are many unknowns as to both the possible
climate and biological effects of higher-than-current
levels of atmospheric carbon dioxide on crop produc
tivity. There is an urgent need for a research agenda.
This was the driving force behind the international
conference on Rising Atmospheric Carbon Dioxide and
Plant Productivity at the Russell Agricultural Research
Center in Athens, Georgia, May 23-28, 1982. Federal
agency and organizational inputs included the Ameri
can Association for the Advancement of Science, the
Department of Energy, the Department of Agriculture,
the Environmental Protection Agency and the National
Science Foundation. Conference panels included:
carbon metabolism, environmental physiology, wholeplant growth and development, fresh-water aquatic
systems, microbiological effects, and plant com
munities.
There is convincing evidence that crop productiv
ity will likely increase with increasing global carbon

Plant Competition
There are other biological and biological-climate
effects on crop productivity, some which may be
anticipated and others not (fig. 4). Some may be
direct, others indirect. Carbon dioxide-induced climate
alterations may influcence indirectly the comparative
productivity of crops and weeds. Atmospheric levels
of carbon dioxide that exceed present levels may
directly change the balance that now allows some
crops to dominate some weeds or the reverse. Species
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dioxide concentrations (Allen 1979). Up to a certain
atmospheric carbon dioxide level, crop productivity
increases from favorable effects on biological processes
(Photosynthesis, nitrogen fixation, water-use effi
ciency) may be more im portant to the well-being of
people on the earth than the presumed negative effects
of rising levels of carbon dioxide on climate. Even with
climate change, the beneficial effects might outweight
the negative; plant breeders have for decades strived,
with considerable success, to extend the northern
boundaries for successful corn and winter-wheat pro
duction. Most plant biological effects would likely be
beneficial and would be clearly manifest even if a
carbon dioxide-induced climate change did not occur.
We don’t know the atmospheric level of carbon diox
ide that will give maximal benefit or harm. Of critical
importance now is determining the impact of small, in
cremental levels of atmospheric carbon dioxide (10 to
100 parts per million) that are just above the current
ambient that will likely be encountered during the
next two decades on a variety of biological responses
and species. Particular attention should be given to
increments of 10 to 20 ppm, which will likely occur in
the next 5 to 10 years. We should also seek an answer
to whether current levels of atmospheric carbon di
oxide, which are significantly higher than those of

1958 and likely much higher than those of a century
ago, have already added to the plant productivity of
the earth through increased water-use efficiency,
greater photosynthesis efficiency, improved biological
nitrogen fixation, and partial alleviation of sunlight
deficiencies. In other words, are we already “hooked”
with high carbon dioxide levels that are now contri
buting to crop productivity? We should determine if
the metabolic rate of plants on earth has increased
during the past several decades as a result of rising
levels of atmospheric carbon dioxide. Has the ampli
tude of the seasonal cycle in temperate zones actually
increased?
Finally, we should take advantage of the several
vast geologic depots of relatively pure carbon dioxide
which exist in the southern and western United States
and in the vicinity of Shanghai in China. In proximity
to such areas, major crops and plant communities
already exist and could be exposed to elevated outdoor
concentrations of carbon dioxide over prolonged
periods with a minimum of cost and hardware to con
tain the carbon dioxide. This would require close
collaboration of oil and gas engineers, meteorologists,
and plant scientists, but results would be enlightening
as to both biological and climate effects and future
global crop productivity, o
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Influence of Climate on Plant Disease

Merritt R. Nelson*

ABSTRACT
Disease is a complex biological process resulting from the interaction, in its easiestto-define form, of a host, a biological pathogen (fungus, bacterium, virus, nematode, and
others), and appropriate environment (temperature, moisture, pH, salinity, etc.). The
result of these interactions is an adverse affect on the productivity o f the host. More
complicated to define and more controversial are those diseases classified as abiotic.
These are continuous physiological dysfunctions of plants brought about by adverse
environmental conditions including nutrient deficiencies, salinity, and others. These latter
“diseases” are often labeled environmental stresss.
This talk will consist of an attempt to look ahead and predict what might happen to
plant diseases (importance and distribution) under the conditions that are predicted to
change if atmospheric carbon dioxide levels continue to rise. The change may, in any
given crop or area, be either good or bad. Emphasis will be placed particularly on those
diseases that have marked restricted distribution because of environmental factors. I will
discuss how these distribution patterns might change with changes in temperature or
moisture. I will also discuss an example of diseases that have changed because of a change
in a crucial environmental factor.

Plant-disease epidemics are not common in a
balanced ecosystem where change takes place slowly,
even though a wide variety of diseases can usually be
found. These conditions generally prevail in natural
ecosystems where biological and physical constraints
on plant diseases are a part of the ecosystem balance
equation (Cook 1980).
Agriculture, specifically crop production, has a
devastating effect on the natural ecosystem. The reg
ularly changing nature of cultivated agriculture brings
about, in effect, a constant and rapid pattern of
change. Under these conditions, the two, most signifi
cant, long-term changes, in relation to diseases, are the
extreme plant density and narrow genetic base of the
crops. These together present ideal conditions for
plant-disease epidemics, and, through history, refer
ence to epidemics and their frequent devastating im
pact on human welfare has been well documented.

It is difficult to detect any consensus on the pos
sible effects of rising carbon dioxide in the atm o
sphere. Some suggest a doomsday scenario of disas
trous shifts in climate and agricultural production areas
and inundation of coastal areas as ice melts. Others
suggest that the increase in carbon dioxide levels might
be a gold mine as the raw material of photosynthesis
becomes more plentiful with resulting increase in crop
productivity (Meredith 1981). Plant-disease severity
and distribution are largely influenced by climate, and
any change in climate will influence disease. Whether
the climatic change is good or bad (with respect to
disease) will depend on the diseases that are stimulated
or suppressed.

*Merritt R. Nelson: Department of Plant Pathology, University
of Arizona, Tucson, Arizona.
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how they are restricted and enhanced by specific
environmental factors along with a prediction as to
how these diseases might be affected by climate
changes, and second, look at some changes in plantdisease distribution or occurrence that have occurred
as a result of other man-induced changes in the
environment.
While some work has been shown experimentally
that evaluated how different carbon dioxide levels may
directly affect a plant pathogen, the levels used were
higher (8-10 per cent) than one could conceivably en
counter in nature with the possible exception of soil
spaces (Imolehim and Grogan 1980, Misaghi 1982).
Modest increases in carbon dioxide levels have been
shown to increase photosynthate production of crop
plants under field conditions. The photosynthate pro
duction of cotton plants, when a level of carbon
dioxide of 450-500 ppm was maintained at 75 per cent
plant height, increased 35 per cent over those under
normal circumstances (Harper et al. 1973).
Figure 1 shows a model illustrating the way in
which environmental factors interact with parasites
and host to bring about several levels of parasiticdisease intensity. This model is a good background for
discussions of specific diseases that will be used to
illustrate the way that climate changes may alter pat
terns of occurrence and distribution. You will note in
the model that the two main environmental parameters
of the parasite interact with the geographic distri
bution of the host in ways that result in several levels
of damage. The levels of damage represent increasing
levels of concomitant occurrence of optimum con
ditions for disease occurrence with resulting difference
in damage levels experienced. While the model de
picted in Figure 1 is labeled to represent a parasitic
disease, it can also represent the interaction of two
environmental factors that may result in abiotic plant
disease.
There is a continuum of infectious diseases from
those that are strictly limited in geographical distri
bution as a result of highly specific climatic require
ments, to those that will occur under almost any con
ditions under which a plant host will grow. I will, in
this section of the paper, discuss some specific exam
ples of diseases and how they are limited, and I will
suggest how a modest climatic shift might influence
their importance and distribution.
1. Ringspot of crucifers (Mycosphaerella brassicicola): This fungus disease occurs mostly in coastal
areas where temperatures are cool and prolonged
periods of free moisture on plant leaves are common.
Such areas as the Puget Sound of Washington, coastal
Oregon, San Francisco bay area, South Australia,
Tasmania, and England are places where the disease has
been reported. These all have similar characteristics,
cool temperatures during growing season (average 8-

These epidemics have been of two kinds, those where
the food crop has seriously been destroyed by diseases
resulting in famine, and those where the edible part of
a crop has been modified in such a way as to make it
toxic to humans and/or animals.
Plant-disease epidemics have resulted in popul
ation migrations, military failures, millions of deaths
from famines and toxins, and cultural and industrial
dislocations. Historical aspects of plant-disease impact
have recently been reviewed in some detail (Horsfall
and Cowling 1978).
Plant diseases have been recognized from earliest
times to be associated with particular weather patterns.
This awareness was marked centuries before the in
fectious nature of some diseases was recognized. As
understanding of the infectious nature of diseases was
accepted, a clear concept of what constitutes the cause
of a disease was still elusive. The problem is that the
term “cause” has been, and is still, used loosely in the
literature.
One “cause” of disease is a combination of several
environmental factors that adversely alter the physio
logical processes and morphological development of
the plant concerned. When a parasitic organism enters
into the complex there is a tendency to refer to the
organism as the “cause” of the disease. While the
organism may be the trigger or “incitant” of the
disease, environmental factors still most often play a
crucial role in the initiation, development, and spread
of the disease. Thus, the organism may be called the
“incitant” or “causal organism.”
Those diseases wherein an organism or biological
entity is involved generally are the best known and
defined. Organisms involved may be fungi, bacteria,
nematodes, spiroplasma, protozoa, parasitic seed
plants, viruses, and viroids.
Virtually all environmental and biological para
meters that are measurable have been shown to in
fluence disease occurrence and distribution. These
include soil factors such as temperature, pH, moisture,
salinity, and soil-nutirent conditions and such atm o
spheric factors as air temperature, humidity, free mois
ture, photochemical pollutants, light, and air move
ment. Finally, biotic factors other than pathogens may
play significant roles in the extent of disease spread.
Biotic factors include microorganisms resident in the
near ecosystem of the plant (rhizosphere and phyilosphere) that help the plants cope with pathogen
attacks.
With this brief background, the challenge now in
this paper will be to predict, in a general way, how
plant disease might be affected by the climatic changes
some have predicted will occur as a result of increasing
carbon dioxide levels in the atmosphere. To do this, I
will look at plant diseases in two ways. First, a rep
resentative group will be presented with details as to
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16°C) and prolonged periods of fog and mist. These
coastal areas are often enshrouded with fog for weeks
at a time. These conditions are necessary for infection
by the slow-growing fungus and production of the
sexual spores which are responsible for spread of the
disease, As one moves inland from these coastal areas
to a point where the proper combination of tempera
ture and moisture does not prevail, one ceases to en
counter the disease (Nelson and Pound 1959).

Figure 1. Model to describe the areas of effective and potential
occurrence of a plant pathogen, controlled by two predominant
environmental factors (temperature and wetness). (Weltzien
1978).

A change in climate to increase temperature or
reduce moisture in coastal areas would act to reduce
the importance of this disease. Conversely, an increase
in moist conditions extending farther inland in areas
where the disease occurs would tend to extend the
distribution of ringspot.
2. Mildews of lettuce. There are two, distinct, fungusincited mildew diseases of lettuce. The first is downy
mildew (Bremia lactucae), a cool-weather, moistureloving disease. The second is powdery mildew (Eryciphe cichoracearum), a warm-weather disease that can
occur under moist or relatively dry conditions. These
diseases are often found together but may also occur
alone. One of the more interesting ecological stories
dealing with overlapping but different environmental
requirements concerns these diseases in the Salinas
Valley of California. The Salinas Valley is a long,
narrow valley in central California that opens onto

Monterey Bay. It is famous for vegetable production,
particularly lettuce. The portion of the valley near
Monterey Bay is generally cool and moist. As you
move south in the valley, this gradually changes until
the area around King City is warm and dry. Under the
conditions prevalent in the King City area, powdery
mildew occurs but there is no downy mildew. The
cool, moist conditions that prevail near the ocean
support only downy mildew. In the large, central
region of the valley, both diseases occur (Schnathorst
1962). It is clear from Figure 2 that the conditions
favoring these diseases overlap considerably. It is also
clear that a modest change in climate could result in a
shift toward one disease or the other. For example, a
warming trend might eliminate downy mildew from
the valley, while a trend toward cooler temperatures
might reduce or eliminate powdery mildew.

Figure 2. Comparative distribution of downy and powdery
mildews of lettuce in the Salinas Valley in 1954-55. The in
fection zones depicted existed only from August to November.
(Schnathorst 1962).

3. Late Blight of Potato (.Phytophthora infestans) is a
disease that is still a major factor in potato production
in many parts of the world. We plant pathologists are
fond of telling undergraduates that it is because of this
disease that New York City has Irish cops. Surpris
ingly, there is more truth than fiction in the story.
Late Blight caused such devastating epidemics in Ire
land during the mid-nineteenth century that it trig
gered the greatest mass migration in history. The heavy
reliance of the Irish on the potato for food made its
destruction by this fungus a national tragedy. The
disease becomes epidemic under certain highly specific
environmental conditions. These conditions are the
temperature and moisture conditions and the duration
of each. These parameters can be specifically mea
sured, and from such information predictions about
disease severity can be made. This disease would be

a variety of toxic alkaloids (including LSD) and, when
eaten by humans or cattle, produced a variety of toxic
physical and mental problems ranging from abortions,
hallucinations, and loss of hands, feet, and legs due to
gangrene. Thus, another indirect influence of disease
on society is tied directly to climate.
8. Tip burn of lettuce. Unlike the previous diseases,
tip burn is a non-infectious disease. The disease occurs
when temperature near the end of the lettuce-growing
season is high (27°C plus). Under these conditions, the
head grows rapidly. So rapidly in fact, that the plant is
unable to supply adequate calcium (an im portant
constituent of the middle lamella) to the growing leaf
margins. This results in a necrotic breakdown in these
rapidly growing tip areas and discoloration of leaf
veins. Such temperature-induced, localized calcium
deficits are common in other crops. Such diseases as
bitter pit of apple, tip burn of cabbage, and blossom
end rot of peppers are also associated with inadequate
calcium in those areas of plants which grow most
rapidly, although the details of environmental involve
ment are not as clearly established as they are for tip
burn of lettuce (Misaghi and Grogan 1978).
A disease of this type could be affected by an in
crease in temperature. A result would be to expand the
seasonal period when a crop like lettuce or pepper
would be susceptible to the development of tip burn.
Plant health has been directly affected by advanc
ing civilization. Air pollutants including such photo
chemical oxidants as peroxacyl nitrate (PAN), ozone
(03 ), nitrous oxides (NO-N02 ), and sulfur dioxide
(S 0 2 ) have all been shown to have a direct or indirect
effect on plant productivity. Certain physiological
activities of plants have been shown to be affected
even before obvious symptoms shown. All produce
rather conspicuous and specific symptoms as con
centrations increase and tissue death begins to occur
(Agrios 1978).
Another of m an’s influences that appears to be
growing is that on plant growth and plant disease
through increasing pressure during the past half cen
tury on water supplies in the west. This has resulted, in
many cases, in decreased water quality. As an illustra
tion, Figure 3 shows the general trend in salinity in the
Colorado River at Yuma, Arizona, and how this
appears to coincide with dam building. Note that
salinity increased each time a dam was completed and
a lake was being formed. During this period, a down
ward trend in per-acre yield of grain sorghum was
noticed. During years of poor yields, rotted roots were
prevalent. The most common fungus isolated from
roots of infected plants was a member of the genus
Fusarium. This fungus, when tested for pathogenicity
in greenhouse experiments, failed to reproduce the
disease as observed in the field. This diagnostic prob
lem was solved when it was discovered that, when

strongly influenced by modest changes in tempera
ture and rainfall conditions (Horsfall and Cowling
1978).
4. Sugarbeet root rot (Pythium aphanidermatum) is a
fungus disease that is favored by high temperatures. In
Arizona the disease affects mature beets at harvest
time. The crop grows during cool winter months but
harvest takes place during hot summer months. As the
mature crop awaits harvest, soil temperatures often
reach and exceed 27°C at a 6-inch soil depth. Once a
temperature of 27°C is reached, rot starts and the
mature beets are destroyed at the rate of 2 per cent per
day thereafter. The environment can be modified by a
quick irrigation in order to lower soil temperatures
below 27°C (Stanghellini et al. 1981). Since the
ground (soil) “remembers” the temperatures it has
been exposed to by storing heat (Juday 1982), an
increase in soil temperatures could certainly be ex
pected to result from an air-temperature increase with
consequences of occurrence and distribution of rootrot diseases.
5. Cotton root rot (Phymatotrichum omnivorum).
This disease is not only one influenced by soil tempera
ture, but is one also influenced by soil pH and organic
matter. The disease occurs primarily in hot, alkaline,
desert soils of the southwest and does not do well in
the presence of high organic-matter concentrations
(Streets and Bloss 1973).
6. Clubroot of crucifers (Plasmodiophora brassicae).
Clubroot is common in wet, cool, acid soils. The dis
ease thrives in highly organic soils. Cotton root rot and
clubroot of crucifers are examples of two diseases that
could be affected by vegetation changes resulting from
climatic change, in other words, a secondary effect
(Chupp and Sherf 1960).
7. Black stem rust of cereals (Puccinia graminis).
This disease is the most dangerous threat to wheat, the
major food crop of the world. It develops in epidemic
proportions under warm, moist conditions. Such con
ditions are common sometime during the growing
season in a large number of wheat-growing areas of the
world. Because of the genetic versatility of the path
ogen, varieties of wheat which are resistant to rust are
constantly changing to cope with constantly changing
biotypes of the pathogen. During the Middle Ages,
wheat was grown successfully in northern Europe
(moist enough but too cold for the rust fungus) and
southern Europe (warm enough but too dry for rust),
but it could not be grown in central Europe because
conditions were ideal for rust (Horsfall and Cowling
1978). Consequently, rye was grown in central Europe;
hence you have, to this day, use of wheat bread and
rye bread on a regional basis. The rye was susceptible
to another disease known as “ergot.” Ergot was a fun
gus disease and, instead of kernels, a black sclerotia
(the ergot) replaced the rye grain. This ergot contained
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SUMMARY AND CONCLUSIONS

Figure 3.
River.

Changing climatic conditions change plant-disease
incidence and distribution on a seasonal and annual
basis. Therefore, there is no reason to suspect that such
changes resulting from carbon dioxide increase in the
atmosphere would not have the potential for per
manently changing disease patterns. These changes
could be manifested by a decrease in importance of
some specific diseases while others, either unknown or
of minor importance, now might become major con
straints on crop production. These changes could be
regional and might very well be linked to changes in
either temporal or geographical crop patterns.
What can and should be done to adjust to such
changes? The answer lies in maintaining a strong,
flexible research program in all disciplines involved in
plant production. Changes in crop-production pro
blems will probably come gradually, so such a pro
gram, if properly designed, should automatically adjust
to climate changes as it takes place. The exception
would occur if a crop introduced to a new area (such
as Alaska) which, due to climate change, was now
favorable to its growth should encounter a "‘new”
pathogen to which it was extremely susceptible. Under
these conditions, a more-intense research effort might
be required —at least for a time. O

Yearly average of water quality in Lower Colorado

irrigation water in the greenhouse was adjusted to
1500 ppm sodium chloride, the Fusarium spp. was
highly pathogenic (J. L. Troutman, personal com
munication). Thus, the preliminary conclusion that in
creased susceptibility of sorghum to Fusarium was
related to saline irrigation water is supported.
Experimental evidence has recently been pub
lished to show that certain specific tissues of plants
may be more susceptible to pathogens under saline
conditions (McDonald 1982).
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Agriculture

Improved Crop Potential for Northern Latitudes
To Occur with
Small Increases of Air and Soil Temperatures

Donald H. Dinkel*

ABSTRACT
Small increases in air and soil temperatures significantly increase the number of
crops maturing in northern-latitude agricultural areas due to faster growth rate and slight
extension of the frost-free growing season. This report summarizes the results of many
studies involving soil-temperature improvement, use o f row covers for air-temperature
improvement, and studies with more complete environment control in standard green
houses. It has been concluded that naturally occuring low soil temperature is the most
critical factor limiting plant growth in this environment during the growing season. If
soil temperature is raised to near optimum levels, then the normally cool air temperature
which occurs during the growing season becomes the next limiting factor for plant
growth.

slight increases in growing-season temperature would
dramatically affect the crops produced in an area like
Interior Alaska..
Alaska has sufficient land areas that are suitable for
cultivation when classified using soil type and growing
season. It is now recognized by agriculturists that there
are at least 9 million ha of land in Alaska suitable for
tillage and crop production if appropriate crops and
cropping techniques are utilized.
The sunlight resource of the north is poorly under
stood but nevertheless represents an im portant advan
tage for the photosynthetic activity of many indige
nous and introduced plants. Due to the angle of inci
dence of the radiation received at the Earth’s surface in
northern latitudes, the intensity of the sunlight is less
than at many agriculturally im portant areas of more
southern latitudes. However, the am ount of sunlight
received appears to be well above that needed for
maximum photosynthesis of most plants if other
growth factors are not limiting. On an annual basis, the
latitudes similar to Alaska recieve a small bonus in
extra sunlight and a large bonus in extra twilight
compared to more southern areas of the U.S. (Johnson
and Hartman 1969). (See table 1.)

Great disagreement exists with respect to the
potential for agricultural production in Alaska and in
other similar and significant large areas of the far north
with suitable soils for cultivation. Many suggest that
these northern areas are climatically marginal for the
production of crops and livestock. However, it should
be pointed out that few if any of the individuals
closely involved with the actual growing of the crops
will accept the premise that the climate here is suffi
ciently adverse to preclude production of certain
adapted crops and livestock. Those that place greatest
emphasis on the marginal nature of the climate are the
economists and historians who are more involved with
the commercial agricultural record of the state. This
record in recent years has not been exciting. Even the
most fervent opponents who doubt the existence of a
viable economical agricultural production potential
for Alaska are quick to agree that a slight increase in
summer growing-season temperatures would signifi
cantly alter the potential favorably. I will present
some data and interpretations that suggest that a

*Donald H. Dinkel: Agricultural Experiment Station, University
of Alaska, Fairbanks.
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Table 1.

Twilight, sunlight and both at various latitudes.

Latitude
(°N)
0
25
35
45
52.5
55
57.5
60
62.5
65
67.5
70
72.5
75

Twilight
(%)

Sunlight
(%)

3.10
3.49
3.92
4.68
5.71
6.24
6.95
8.11
9.80
10.39
10.56
10.94
10.18
8.93

50.30
50.50
50.60
50.75
50.94
51.03
51.14
51.28
51.49
51.87
52.24
51.97
51.90
51.89

Table 3. Selected cultivars and yields of vegetables grown at
Fairbanks, Alaska, and compared to the national average yield.

Sunlight and
Twilight (%)

Crop and cultivar

53.40
53.99
54.52
55.43
56.65
57.27
58.09
59.39
61.29
62.26
62.80
62.91
62.08
60.82

Cabbage:
‘Alaska 6 4 6 7 ’
‘Hybrid 15’
Broccoli:
‘Green Duke’
‘Gem’
Lettuce:
‘Minilake’
Snapbeans:
‘Provider’ (1 picking)
‘Provider’ (3 pickings)
Green Peas: (shelled)
‘Sparkle’
Carrots:
‘Nantes Special Long’

Seventy per cent of the total sunlight received at
Fairbanks. Alaska (65°N latitude) is received during
the period of March 21 to September 21. During the
frost-free period of 97 days that occurs at Fairbanks,
the hours of possible sunshine exceeds by approxi
mately 430 hours that which is received during the
equivalent period of time at Chicago, Illinois (table 2).

40

50

54

58

62

64

66

1473

1511

1568

1642

1747

1839

1966

2.44
7.80
4.97
.86
1.94
2.10
2.54
2.92
.53
1.32
2.15
.27
.95
2.91
6.01

the longer period of sunlight during the growing season
and the possibility of better internal plant tempera
tures for some plants may result in a photosynthetic
advantage in the north if other factors such as soil
temperature do not limit growth.
Table 4 illustrates the photosynthetic potential
that exists in this environment if the critically low soil
temperatures are improved with Styrofoam and clearpolyethylene mulch treatments. The styrofoam was
buried 38 cm beneath the surface and was 5 cm thick
and 1.8 m wide where the reported temperatures were
measured. The yields presented are that of all the plots
with 2.5 and 5 cm Styrofoam of .6, 1.2, and 1.8 m
widths because little difference could be detected from
the two thicknesses and three widths of the Styro
foam. The temperatures shown in Table 4 are those

Table 2. Hours of possible sunshine May 24 through August
30 (97 days) .1

Hours

national average

.............. kg/m 2 ........ ............... -

Source: Johnson and Hartman 1969.

°N lat.

Fairbanks

^This is the approximate frost-free period for Fairbanks, Alaska.

This greater sunshine contributes to higher vegetable
yields (Dinkel and Ginzton 1976), a higher protein
content of certain cereal crops (Wooding and Knight
1972), and higher net photosynthetic rates (Chang
1970) compared to more southern latitudes. Yields
obtained at Fairbanks equal and, in many cases, ex
ceed U.S. national average yields for some of the com
mon cool-season vegetable crops (table 3). The high
yeild obtained per unit of time for many crops and the
ultimate production of ‘O S Cross' cabbage plants
that may weigh more than 35 kg can be explained by
an improved photosynthetic activity in leaves of cer
tain crops during cool, sunny periods. Gates (1965) has
shown that net photosynthesis of certain leaves during
cool sunny periods may far exceed that obtained
during similar warm sunny periods. Photorespiration,
an apparent luxury in the plant, would also be higher
during warm, sunny periods and has been shown to
reduce the net photosynthetic carbon dioxide fixation
by about one-half (Oliver and Zetlitch 1977). Thus

Table 4. Temperature and growth of ‘Triple Purpose’ cucumbers
on buried Styrofoam, clear polyethylene, combinations of
Styrofoam and clear polyethylene and without soil-temperature improvement.
Treatment

Temp. 15
cm depth1 (°C)

Total yield/plot
(kg)2

Styrofoam plus
Polyethylene

32

140

Polyethylene alone

28

75

Styrofoam alone

18

59

Control (no Styrofoam and
no polyethylene)

14

22

1Temperatures for plots that contained Styrofoam treatments
were measured over the Styrofoam that was 5 cm thick and
1.8 m wide at 11 a.m. on a clear sunny day July 6 .
2 Yields were from plots 15 m long centered over the treatment.

176

that occurred at 11 a.m. on a clear, sunny day, July
6. This is the period of time that gave the warmest
temperatures and the greatest differences between
treatments. Treatment differences were much less
during cloudy and dark periods.lt can be seen that
only slight increases in soil temperature result in a
rather significant improvement of crop yield. It cannot
be determined if the treatm ent combination of Styro
foam plus a clear-polyethylene covering is near the
optimum soil temperature for the other environmental
variables of this study.
Table 5 shows data gathered from a study in which
lead-covered heating cables were placed in soil in such
a way that soil temperatures at root depths were held
at 24°C constantly and compared to plots w ithout soiltemperature supplementation. The 24°C soil tempera
ture was arbitrarily selected to represent a near
optimum regime for sweetcorn, considered a warmseason crop. The data clearly show that the sweetcorn
growth rate was nearly ten times that of the control at
the July 18 harvest date.
Table 5. Growth of ‘Polarvee’ sweetcorn on soil heated with
heating cables and without supplemental heat.
Date of
emergence1

July 18

Aug 22

Unheated control

Jun 17

39

615

Heated soil (24°C)

Jun 6

350

1539

(g/plant)

1Crops were seeded May 30.

The total biomass produced on these treatments
by August 22 suggest that the unheated control may
have been growing at a faster rate than the heated plots
after July 18. However, the smaller difference occur
ring on this date is mostly due to the plants on the
heated plots approaching maturity while the plants on
the unheated plots had not reached this stage.

In the studies in which waste heat was used to
warm soil for crop growth it has been possible to
obtain two complete crops of most cool-season vege
table crops in the same growing season on the same
plot of ground, and many warm-season crops were
produced that usually do not mature in Fairbanks,
Alaska. The waste heat used in this study was the cool
ing water from a coal-fired electrical generation plant
located on the Fort Wainwright military reservation.
This cooling water varied in temperature from a low of
about 13°C during the winter to a high of about 38°C
during the summer months. Table 6 shows yields from
early and late plantings of some vegetable crops grown
on the heated soil.
Table 6 . Yields from early and late planting on the same heated
plot (early planting April 17-21, late planting July 11).
Variety

Early yield Late yield

Total yield

.................... k g /10m r o w ----------------‘Green Duke’ broccoli1
‘Tastie’ cabbage
‘Minilake’ lettuce (seeded)
Pak Choi
‘M elody’ spinach2

19
40
21
...

10

4
23
19
28
5,5

23
63
40
28
20

1 Only terminals were harvested due to thievery o f laterals.
2 Two additional, successive crops planted June 9 and July 21.

All of these studies demonstrate that the poten
tial for crop growth in Alaska is limited most by the
cool soil and air temperature rather than a lack of
sunlight. If soil temperature is raised to near-optimum
levels, then the normally cool air temperature which
occur during the growing season becomes the next
limiting factor for plant growth.
The studies reported in this paper strongly sug
gest that only slight increases in air temperature due to
carbon dioxide increase in the atmosphere will result
in greatly improved crop potential at the latitudes of
Alaska, o
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Arts

Potential Impact on the Arts in Alaska
of Carbon Dioxide-Induced Climate Change

Kesler Woodward*

ABSTRACT
Warming as a consequence of increased carbon dioxide in the earth’s atmosphere
could have a profound effect on the development of the arts in Alaska. The nature o f that
effect is largely dependent on which of a number of projected scenarios for climate
change were to occur, and could range from a strongly negative, short-term impact to a
longer period of steady growth.
Alaska’s present artistic climate is largely the product o f three major factors: (1) do
mination of subject matter by the state’s dramatic scenery, (2 ) oil-related wealth which
has enabled state funding o f the arts to increase by more than 1000 per cent in ten years,
and per capita funding to easily lead the nation, and ( 3) isolation from the major cultural
and population centers of North America, resulting in a relatively conservative, participa
tion-oriented, low-competition arts scene.
It seems clear that even the m ost dramatic projections o f climate change would not
substantially reduce the grandeur, and consequent dominance, of Alaskan scenery. While
the character of the landscape might indeed be altered, the change would be one of
degree rather than kind. By contrast, climatic warming could have a much stronger im
pact on factors ( 2) and ( 3).
Funding for the arts has always followed, rather than led, provision of basic services
in the com petition for available finances. The more dramatic warming scenarios (melting
o f the W. Antarctic ice cap, a 5-meter rise in sea level, and widespread permafrost
thawing, over a period of as little as 50 years) would, clearly, place a tremendous demand
on available fiscal resources for the provision of necessities. State arts funding, certainly,
could be expected to plummet.
The consequences of a longer term, more gradual warming (on the order o f 4-8°C in
Alaskan latitudes, and increased precipitation, coupled with a decrease in precipitation
south of 55 N latitude) are less clear, but are potentially more positive. A best-case
scenario for Alaskan arts growth would include a sizable northward migration of Ameri
can population and culture with moderating climate and improved food production. In
such case, it is conceivable that the short-term impact of a loss of funding could be more
than compensated by the stimulation of a fairly rapid population increase.
As present knowledge does not make it clear which of many climate-change scenarios
to expect, and the specific effects of given global temperature changes continue to be de
bated, the exact nature of the impact on the arts in the state is impossible to predict. It is
clear, however, that even the more modest predictions for climate change would have
consequences for Alaskan arts.

*Kesler Woodward: Department of Art, University of Alaska,
Fairbanks 99701.
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landscape offered by established artists in the state s
juried exhibitions, the Alaskan artist more often than
not responds to his or her environment. Winter scenes,
depictions of traditional subsistence activities, and
wildlife pictures dominate every part of the visual
arts scene.
The Anchorage Historical and Fine Arts Museum
hosts each year the state’s two major statewide juried
competitions — one in the fall for crafts, and one each
January for painting, drawing, sculpture, printmaking,
and photography. The 17th Annual All-Alaska Juried
Exhibition, which opened in Anchorage in February
of 1982, attracted 866 entries from all parts of Alaska
(Shalkop 1982). The juror, Charles Parkhurst, Assis
tant Director of the National Gallery of Art, remarks
in the exhibition catalog’s introduction, “The diversity
is also marked, but the genre is predominately Alaskan.
The milieu shows through, the landscape, the state
interests, the snow, the wildlife, and the ways of the
people.” (Parkhurst 1982). Similar statements have
become a refrain of the nationally recognized curators
and museum directors who have juried these state
wide exhibitions in recent years.
This domination of Alaskan subject m atter is only
slightly less marked in the literary arts, as even a cur
sory perusal of recent years’ issues of Permafrost, the
University of Alaska literary magazine, or Finding
the Boundaries, a recent anthology of Alaskan writing
published by the Alaska State Council on the Arts,
will show.
The second major feature of the arts scene in
Alaska today is the extraordinary level of state arts
funding made possible by Alaska’s oil-related revenues.
Perhaps the clearest single measure of state support for
the arts is the budget of the Alaska State Council on
the Arts (ASCA), a state agency in the Departm ent
of Education. The state-funded portion of the ASCA
budget has grown from $47,600 in fiscal year 1970
(ASCA 1976), to slightly more than $4.7 million in
fiscal year 1982 (Report o f the Free Conference Com
m ittee 1981). As a result, Alaska’s per-capita funding
for the arts easily leads the nation (Fairbanks Daily
News-Miner 1982a).
As dramatic as this level of funding appears, it
does not include further substantial state support
for the arts which comes through the Alaska State
Museum, the Institute of Alaska Native Arts, the
Alaska Humanities Forum, the Visual Arts Center
of Alaska, and other agencies which receive, or have
received in recent years, significant amounts of state
money not channelled through ASCA. A further boon
to Alaskan artists is the state’s Art in Public Places law,
(Alaska Statute 35.27.010-030, as amended) which
mandates that 1 per cent of all construction costs of
state-funded buildings (.5 per cent for rural schools)
must go towards purchase or commission of art works

Largely as a result of the widespread and increasing
combustion of fossil fuels worldwide, the am ount of
carbon dioxide in the earth’s atmosphere has been
increasing since the Industrial Revolution. A tm o
spheric carbon dioxide allows incoming, short-wave
radiation to pass through the earth’s atmosphere un
hindered, but absorbs some of the long-wave radiation
(heat) reflected from the earth’s surface, which would
otherwise pass freely into space. The net effect, then,
of increasing carbon dioxide content of the atm o
sphere is one of warming. Climate models developed in
the past decade to project the effect of carbon dioxide
doubling in the next 50-100 years make the consensus
for global warming, other factors remaining constant,
increasingly clear. (Watts 1980,Manabe and Wetherald
1980). Numerical models indicate the possibility of a
global warming with doubled carbon dioxide content
on the order of 1.5° to 6.5°C, and a much more sub
stantial warming at high latitudes, perhaps as much as
10°C at 80°N (Watts 1980).
The timing, exact magnitude, and consequences of
such changes are widely disputed, and a number of
different climate-change scenarios have emerged. Any
or all of those proposed scenarios could affect pro
foundly the development of the arts in Alaska. The
exact nature of the effects, however, would be largely
dependent on which of the climate change scenarios
were to occur, and effects run the gamut from a
strongly negative impact in the fairly short term
(perhaps as little as 50 years), to a longer period of
steady growth. In order to investigate potential im
pacts, it will be necessary to isolate the major features
of the current Alaskan arts scene and to look at each
aspect’s potential response to various scenarios.
THE CURRENT ARTISTIC CLIMATE IN ALASKA
Alaska’s current artistic climate is largely the pro
duct of three major factors:
1. domination of subject matter, especially in the
visual arts, by the state’s dramatic scenery, se
vere climate, and lifestyles tied closely to the
environment;
2. oil-related wealth which has enabled state
funding of the arts to increase by a factor of 100
in 12 years, and per capita funding to easily lead
the nation;
3. isolation from the major cultural and popula
tion centers of North America, resulting in a re
latively conservative, participation-oriented, lowcompetition arts scene.
For even the casual observer of the visual arts in
Alaska, the dominance of the state’s dramatic scenery
is clear. From the snow-covered trappers’ cabin and
mountain vistas on the gold pans sold in malls and
giftshops to the more sophisticated interpretations of
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for those buildings. The overwhelming majority of
those commissions have gone to Alaskan artists, who
are given preference in consideration of proposals.
These sources of direct state support, coupled with
a strong state economy in which average personal in
come is high, and both individuals and corporations
can afford to purchase works of art, support perfor
mances, and make contributions, have made the arts
scene in Alaska vital and positive beyond normal
expectations for such a small population and iso
lated location.
The third major feature of the arts scene in Alaska
is the state’s geographic isolation, a limiting factor only
partially overcome by the substantial state support and
programming outlined above. It is enormously expen
sive to ship major art exhibitions to Alaska. Despite
available funding and the coordinated efforts of arts
agencies in Anchorage, Fairbanks, and Juneau, the
volume of high quality work by nationally and inter
nationally recognized artists which can be seen in
Alaska in a given year remains miniscule. The same is
true of touring performances in dance and theater.
Alaskan artists wishing to participate in national
and regional competitions face not only high shipping
costs, but a lag in receiving information that makes
entry prior to competition deadlines often impossible.
The high cost of attending workshops, exhibitions and
performances outside the state is prohibitive for the
average Alaskan.
The net result of these factors, not surprisingly,
is an insular, conservative, low-competition arts scene.
Year after year, many of the same artists are accepted
for, win prizes in, and sell work from the state’s major
juried exhibitions. There is also a high proportion of
repeat inclusions in the state’s literary publications and
local and regional performances of all kinds. The pres
sure for excellence is almost entirely self-sustained on
the part of the individual artist. Peer criticism is infre
quent and, most often, kind. The state’s small popula
tion goes a long way toward guaranteeing such a situa
tion, and the distances and costs involved in being a
part of the larger, national, arts community seal its
fate.
While framed, of course, in the most polite way
possible, the national art figures jurying the state’s
major visual arts competitions again feel it necessary to
comment on that conservatism with surprising fre
quency in statements and catalog introductions (Parkhurst 1982, Selby 1980, Hopkins 1979, Herman
1979). Widespread participation in arts programs is
highly encouraged, and the level of participation in the
arts statewide is indeed high, with large numbers of
persons participating in local art and craft exhibitions,
dramatic productions, and musical performances.
However, the kind of intense pressure to excel, and
push to the limits of one’s medium, simply does not
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exist, and the absolute quality of Alaskan arts in
evitably suffers from its lack. Alaska’s small population
and extreme isolation keep it well behind the cutting
edge in the arts.
THE POTENTIAL EFFECTS OF CLIMATIC
WARMING
How will climatic warming influence these three
major factors? It seems clear that even the most
dramatic projections of climate change would not sub
stantially reduce the grandeur of Alaskan scenery,
so the landscape might be expected to continue to
be a dominant influence on subject matter. Never
theless, a warming of 4-8° C at Alaskan latitudes (Watts
1980) could be expected to decrease dramatically the
the am ount of snow at sea level in the populated
coastal regions of the state. There is evidence of less
dramatic temperature change bringing about changes in
subject m atter and treatm ent by artists in the historical
past. W.J. Burroughs (1981) has presented evidence
th at the period in history in which winter landscapes
first played a major role, 1565-1665 in Flanders and
Holland, may have been ushered in by the cooling
temperatures of the Little Ice Age. Burroughs points
out that snowy winter landscapes were vitually non
existent before the Flemish artist Pieter Brueghel the
Elder’s 1565 Hunters in the Snow, and yet this paint
ing was followed by a century of work in Flanders and
Holland in which winter scenes were a major genre.
The artistic output of Pieter Brueghel the Elder is
restricted to the relatively short period from the
mid-1550’s to his early death in 1569. But his
pictures of winter span no more than a couple of
years and seem almost exclusively to have been
painted in 1565. This strongly suggests that the
dominant influence on this burst of artistic activity
was the great winter of 1565. There are widespread
reports in many parts of Europe of the severity of
this winter (Easton 1928). Furthermore, there is
little doubt this winter formed part of a more
dramatic cooling of the climate of north-west
Europe that set in soon after 1550 (see for instance
Ladurie 1972 [Annex 15] and Lamb 1977,
Chapter 13). (Burroughs 1981, p. 353).
Burroughs goes on to link climatic developments in
the 17th century with the well known Dutch school of
winter landscape of that period. He is careful to keep
the linkages loose, but presents a convincing case for
an association of changing climate and treatm ent of
landscape subject matter.
Hans Neuberger (1970) has gone further in some
respects, making a more general linkage between the
artist “as a conscious or sub-conscious chronicler of
his environment, and the climate, as an all-pervasive
agent in human activites and expressions . . . ”
(Neuberger 1970, p.56). Neuberger surveyed more

ing in a 50-100 year period on the other two aspects of
the current Alaskan arts scene, however, could be
much more dramatic.

than 12,000 paintings in the U.S. and Europe with
respect to various meteorological and other weatherrelated features, assigning numbers for the degree of
blueness of the painted sky, percentage of cloudiness,
and presence of habitable and/or nonhabitable build
ings. He not only found a statistical correlation be
tween painted meteorological features and the differ
ent climatic characters of various regions, but statisti
cally confirmed H.H. Lamb’s (1967) assertion that
paintings of various periods should give evidence of
climate change. Neuberger presents a compiled analysis
of 6,500 paintings verifying Lamb’s assertion that
cloudiness in painting increased substantially from
around the middle of the 16th century, that is with
the advent of the Little Ice Age.
There is, then, evidence of a direct link between
landscape treatm ent in art and changing climate, and
Alaskan artists might be expected to show the same
responsiveness to change. Any projections in this area
would be broadly speculative, but it is not at all un
reasonable to assume that an increasing change from
snow to rain in winter throughout southeast and southcentral Alaska over a period of 50-100 years would be
reflected in the art work. To the extent that tempera
tures in many of those areas were to moderate, and the
length and severity of winter to decrease, such changes
might also be expected to change lifestyles, perhaps
much more slowly changing the Alaskan artist’s persis
tent image of Alaskans as frontier people, dealing well
with a harsh climate against all odds.
Interestingly, this image, which has been so slow to
change in the visual arts with the growth of modern
conveniences for dealing more easily with harsh
climate, has also been slow to change in the literary
arts. Richard C. Davis (1981) has looked at the way
20th century adventurers have portrayed the north in
exploration narratives. He finds that the focus of
exploration in our century, as seen in Canadian Arctic
exploration narratives, has shifted away from the often
unromantic, objective descriptions of discovery, and
toward an increasing emphasis on personal response to
land which has, in most cases, been seen and often
mapped. He identifies three periods in 20th-century
exploration literature: a desire to dominate the wilder
ness and assert the human will, prior to World War I;
an enjoyment of the freedom of nature as opposed to
the confinement of social civilization, through mid
century; and a seeking for self-discovery in the wilder
ness in the past 20 years.
The kind of romanticizing of frontier lifestyle of
bygone days, seen in both the literary and visual arts,
might be expected to slow the change of landscape
treatm ent in both areas in a period of ameliorating
climate. In any case, such a change might be expected
to be subtle, and perhaps only evident in art-historical
hindsight. The potential effects of pronounced warm

SHORT-TERM SETBACKS FOR ARTS FUNDING
Funding for the arts in Alaska, as elsewhere, has
always followed rather than led provision of basic
services in the competition for available finances. The
really dramatic increases in state funding for the arts
have come only on the heels of rapidly rising state
budgets in all areas with increasing oil revenues. What
effects would large-scale warming have on state
revenue demands as a whole?
The more dramatic scenarios for high-latitude
warming include possible melting of the W. Antarctic
ice cap, with a worldwide 5-meter rise in sea level
(Mercer 1978) and widespread melting of permafrost
in Alaska (Juday 1982), over a period of perhaps as
little as 50 years. Such developments would, it seems
clear, place a tremendous strain on the state’s fiscal
resources for the provision of basic services. With a
low-lying western and northern coastal region, and a
concentration of population in south central and
south eastern locations at or near sea level, substantial
redesign, relocation, and rebuilding of coastal facilities
of all kinds would in all likelihood be necessitated.
The impact of permafrost melting is less clear,but
could severely impact pipelines, roads, and buildings,
again at tremendous cost.
Given those kinds of demands on the state’s fiscal
resources, how well would the arts fare in retaining
a fair share of the total financial pie? A grim answer
to that question is now being provided in the Alaska
State Legislature as the worldwide oil glut brings
almost weekly reductions in the state’s predicted oil
revenues for fiscal year 1983. In the panic over falling
revenue projections, the state House is at the time of
this writing recommending a budget for the Alaska
State Council on the Arts for 1983 of $1.98 million, a
66 per cent reduction from their $4.7 million funding
of the previous year (Fairbanks Daily News Miner
1982b.). After playing such an enlightened, leadership
role in state funding for the arts in recent years, the
legislature is now asking whether it is not “presump
tuous” of the state to fund arts projects when it is
making cutbacks in “necessary services.” (Personal
communication, Alaska Arts Alliance members). At
the same time, a bill has been introduced to repeal the
state’s Art in Public Places Law, and that bill is
currently working its way through committees.
Whatever the fate of ASCA’s fiscal year 1983 fund
ing and the Art in Public Places Law, the implications
are clear. The arts, touted as highly im portant and
essential to the quality of life when money is abun
dant, rapidly descend to the status of a frill when
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The possibility of a significantly greater role in
agriculture, reduced shipping costs, and the likelihood
of increased timber production point to an increasingly
stable Alaskan economy. Increasing economic stability
would not only increase the chances for stable, highlevel funding for the arts, but perhaps even more
im portantly, could signal possible dramatic growth in
state population. It is not unreasonable to project a
general northward migration of population with a
northward migration of food-producing, temperate
climate. A best-case scenario for long-term growth and
development of Alaskan arts would include not only
stable economic prosperity, but just such a growth in
population. The major current deterrent to the
realization of Alaska’s potential in the arts—isolation
from the major cultural and population centers of
North America—might well be alleviated significantly
over the long term. However much many of us would
resist such a population change for other reasons, the
implications of such a change on Alaskan arts develop
ment would clearly be positive.

funding in other areas becomes tight. To the extent
that climatic warming creates a drain on the state’s
financial resources, such a change could be disastrous
for Alaskan arts funding.
POSSIBILITIES FOR LONG-TERM GROWTH

The long-term consequences of climatic warming
may be much more positive. The most obvious positive
consequence of a substantial warming in the next
50-100 years is a lengthening growing season at
Alaskan latitudes. Depending on the magnitude of the
warming, soil temperatures and growing-season length
might well make possible a wider range of Alaskan
agriculture (Juday 1982). Timber production could
very well be increased over a somewhat longer period
of time, and the shipping season on Alaskan rivers, the
Bering Sea, and the Arctic ocean might well be length
ened considerably (Juday 1982). All of these pos
sibilities point to increasing prosperity and stability for
Alaska’s economy in the long view.
The brightening outlook for Alaskan agriculture
under a warming regime is of particular importance
when coupled with the possibility of decreasing
agricultural production in the central U.S. resulting
from the same influences. Current numerical models
for carbon dioxide doubling indicate that areas from
the tropics to 45°N. latitude may see decreased pre
cipitation, and areas north of 45°N. may see increased
precipitation (Manabe and Wetherald 1975). Decreas
ing precipitation in the fertile farmlands of the south
ern and midwestern U.S. and elsewhere could well spell
significant adverse agricultural effects for those areas
(Hansen et al. 1981, Watts 1980). These figures raise
the possibility of a much larger role for Canadian and
Alaskan agriculture in North American food
production.

CONCLUSIONS

In summary, the potential effects of carbon diox
ide - induced climatic warming on the arts in Alaska are
dramatic. Any large-scale change in climate and envi
ronment would have a pronounced effect. Depending
on the timing, magnitude, and exact manifestations of
such a climatic change, all of which at this point re
main unclear, the prospects range from real concern
over levels of arts funding early in the period of
change, to the possibility of positive long-term growth
and development in a more-temperate Alaska, o

REFERENCES

Fairbanks Daily News Miner. 1982a. Alaska’s arts
dollar. Editorial. January 12.
Fairbanks Daily News Miner. 1982b. Panel sends
operating budget to house. Associated Press.
April 2.
Hansen J., D. Johnson, A. Lacis, S. Lebedeff, P. Lee,
D. Rind, and G. Russell. 1981. Climate impact of
increasing atmospheric carbon dioxide. Science
213-.9 57-966.
Herman, L.E. 1979. Ju ro r’s Statement. IN: Earth,
Fire, and Fibre X. (exhibition catalog) Anchorage
Historical and Fine Arts Museum.
Hopkins, H.T. 1979. Ju ro r’s Statement. IN: 15th
Annual All-Alaska Juried A rt Exhibition.

Alaska State Council on the Arts. 1977.
TenYear Review, 1975/76. Alaska State Council on
the Arts. Anchorage.
Alaska State Council on the Arts. 1981. Finding the
Boundaries: Poems and Short Stories by Alaskan
Writers. Alaska State Council on the Arts.
Anchorage.
Burroughs, W.J. 1981. Winter landscapes and climatic
change. Weather
12:352-357.
Davis, R.C. 1981. From conquest to cognition: 20th
Century exploration narratives. Arctic 34 (1):
85-90.
Easton, C. 1928. LesHivers dans I ’Europe Occidentale.
Leyden. E.J.Brill.

182

greenhouse effect: A threat of disaster. Nature
2 7 1 :321-325.
Neuberger, H. 1970. Climate in art. Weather 25 (1):
46-56.
Parkhurst, C.H. 1982. Juror's Statement, IN: 17th
Annual All-Alaska Juried A rt Exhibit, (exhibition
catalog) Anchorage Historical and Fine Arts
Museum.
Selby, R.L. 1980. Juror's Statement. IN: 15th Annual
All-Alaska Juried A rt Exhibition, (exhibition
catalog) Anchorage Historical and Fine Arts
Museum.
Shalkop, R.L. 1982. Foreword. IN: 17th Annual
All-Alaska Juried A rt Exhibit, (exhibition catalog)
Anchorage Historical and Fine Arts Museum, 1982.
State of Alaska. 1981. Report of the Free Conference
Committee on the Alaska Budget. Juneau, p .173.
University of Alaska. 1977-82. Permafrost. Fairbanks.
Watts, R.G. 1980. Climate models and C 0 2 -induced
climate changes. Climatic Change 2:387-408.

(exhibition catalog) Anchorage Historical and Fine
Arts Museum.
Juday, G.P. 1982. Climatic trends in the interior of
Alaska: Moving toward a high C 0 2 world?
Agroborealis 14(1): 10-15.
Ladurie, E. 1972. Times o f Feast, Times o f Famine.
Allen and Unwin. London.
Lamb , H.H. 1967. Britain's changing climate. Geo
graphical Journal 13 3(4) .445-466.
Lamb, H.H. 1977. Climate Present, Past, and Future,
Vol.II. Methuen. London.
Manabe, S., and R.T. Wetherald. 1975. The effect of
doubling the C 0 2 concentration on the climate of
a general circulation model. Journal o f A tm o 
spheric Sciences 52(1): 345.
Manabe, S., and R.T. Wetherald. 1980. On the distri
bution of climate change resulting from an increase
in C 0 2 content of the atmosphere. Journal o f
Atmospheric Sciences 37:99.
Mercer, J.H. 1978. West Antarctic ice sheet and C 0 2

183

SECTION IV:
A HUMANISTIC PERSPECTIVE
OF
CARBON DIOXIDE AND CLIMATIC CHANGE

Carbon Dioxide in Context

Joseph W. Meeker*

ABSTRACT
Deliberations about the effects of atmospheric carbon dioxide occur in a context
which includes ideas, values, culture, and history. These influences may have led partic
ipants to overlook some pertinent evidence from scientific and other sources, some of
which suggest a global cooling trend. Impediments to understanding the significance of
carbon dioxide concentrations may arise partly from the structure of conventional
science, with its many isolated disciplines lacking intercommunication. Five recom
mendations for public and academic policies are proposed to address issues raised by this
conference.

questions that have not so far been addressed, and to
suggest some next steps that might be taken.
It is worth remembering that our inquiries here are
part of a debate that has been going on in Western
Culture for at least 2500 years. The basic question of
this conference is whether and how the state of the
atmosphere affects the waters (frozen, liquid, and
vaporous) on earth. A causative agent in their relation
ship is fire, especially the burning of fossil fuels. We
wonder what the consequence of these relationships
may be for the earth. This has been a philosophical
meeting about earth, air, fire, and water. We may know
more than did the Greeks of the 5th Century B.C.
about these elements, and we are certainly more able
to influence them, but it is not clear that we can
answer some fundamental questions about them much
better than our ancestors could. Our talent for mea
surement has not led us much closer to wisdom. I
wonder, how might Parmenides have used computer
modeling and satellite data?
For all the sophisticated testimony we have heard,
I am yet astonished at the am ount of reputable scien
tific opinion, currently available, that has not been
mentioned or considered at this conference. About one
week before this meeting began, Dr. Melvin Calvin, a
Nobel Prize-winning chemist, testified before the U.S.

Like the opening words of a good book, the begin
ning of a conference often provides accurate clues to
the character of what is to come. When our meeting
opened with a quotation from Confucius in Chinese
delivered by a plant pathologist named Lady McBeath,
I knew we could expect some interesting diversity
ahead. As it turned out, we have heard some presenta
tions in languages as obscure as Chinese is to me, but
there has been much clarity and sound information as
well about the possible effects of carbon dioxide build
up upon the Alaskan environment.
We have heard much high-quality science and
scholarship and plenty of diverse data which reveals
that the task of understanding the extent and signifi
cance of atmospheric carbon dioxide will surely be dif
ficult and probably slow. The problem, and it does ap
pear to be one, is extraordinarily complex, and has
so far yielded little to the combined intelligence and
skills represented by the people gathered here over the
past two days. No basis for synthesis of our meeting
exists, and if one were possible I would not be the man
for the job. The best I can do is to offer some ideas
about the context of our investigations, to raise some

*Joseph W. Meeker: The Strong Center, Berkeley, California.
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Congress concerning the buildup of carbon dioxide in
the global atmosphere. Among other things, he warned
that carbon dioxide-induced warming and its associat
ed melting of polar ice could eventually drown the
East Coast of the United States, submerge large areas
of Florida, and inundate Tokyo. Even though the
focus of our meeting is avowedly Alaskacentric, can
these possibilities be lacking in implications for
Alaska? Should we not have considered the possibility
of a salt water bay in the Yukon Valley bounded by
the peninsulas of the Brooks and Alaska Ranges?
Professor Calvin, drawing upon the research of
George Kukla at the Lamont-Doherty Geological
Observatory, also testified that such major changes
could be expected to occur in response to a 4-5°C
rise within the next fifty years, and wondered with
doubt whether the human race could adapt success
fully to such rapid changes. The problem obviously
involves not only flooding of coastal cities, but also
some major shifts in agriculture as farming becomes
less productive in some areas and more productive in
others. The implications of testimony from these
credible sources have not been included here, nor have
we attem pted to assess their widespread consequences
for human and natural systems.
There is also a substantial difference of opinion
within the scientific community which seems to have
been totally overlooked in the presentations at the
conference. There is a reasoned body of opinion sup
ported by substantial data suggesting that the earth is
cooling, not warming, and that we are possibly on the
verge of a new glacial period. Lowell Ponte’s book The
Cooling (Prentice Hall, Englewood Cliffs, New Jersey,
1976) presents one such scenario, and John Hamaker
and Don Weaver, The Survival o f Civilization (Hamaker-Weaver Publishers, Burlingame, CA, 1982), offer
yet another version of global cooling. These analyses
suggest not only changes in ocean levels and agricul
ture, but also increases in earthquake and volcanic
activity as continental weights change. The timetable
suggested for these changes is in decades, not centuries
or millennia. Human and animal population changes or
migrations would surely accompany such shifts, not to
mention enormous social, cultural, and political up
heavals. I wonder if we have overlooked such possibili
ties by limiting ourselves to the relatively modest
question, “ Is Alaska getting warmer?” .
As a humanist with some scientific credentials, I
am inclined to ask, “ Is science getting warmer?” Have
the spectacular scientific blossomings of recent cen
turies equipped us well to study the phenomena and
processes of nature according to reality, or even
according to our own needs as a species? Certainly I
would not presume to evaluate the scientific enter
prise of the past four centuries based upon the evi
dence of the conference we are now concluding. Yet

there are features of our present meeting which re
present rather well some aspects of current scientific
practice which are due for re-evaluation.
The practices of current science reflect the struc
tures and beliefs of the culture which that science
serves. In our case, that means that it is divided into
specialized compartments (“disciplines” and “fields” )
which lack adequate intercommunication, even at
meetings like this one where many specializations are
gathered under a single roof. Although we may listen
attentively to one another, we lack the will or means
to synthesize what we know. We are supported in our
intellectual isolation by the departmentalized in
stitutions which reward us for wearing blinders and
punish us for straying beyond the boundaries shared
by our immediate colleagues. The institutions of
government, the professions, publishers, and business
share with universities the assumption that specializa
tion is the path to success and profits, and some even
argue that it leads toward truth.
Profound changes are needed in contemporary
intellectual life to respond to the changing nature of
modern knowledge. Those specialized scientists and
scholars who have plumbed the depths of their dis
ciplines are discovering that the most sophisticated in
formation is all but meaningless if it is lacking in con
textual interconnections. Knowledge, scientific or
otherwise, exists in a social, cultural, political, and
philosophical context whether we may like it or not,
and until we learn to address these issues in search of
genuine synthesis our deliberations at their best will be
lame and ineffective. We have not demonstrated at this
meeting the ability to snythesize an integrated ap
proach to the problem posed by atmospheric carbon
dioxide in its many dimensions.
The final item on our agenda is called “recom
m endations.” Since I have taken no Newtonian oath to
eschew prophecy, I feel free to predict that this group
will recommend further research on the effects of
atmospheric carbon dioxide. If we were a meeting of
mothers, I could predict in the same way that we
would recommend improved care for our children.
There is nothing odd or unnatural about scientists
recommending further research, but perhaps in this
case we might find the courage to be more specific and
to go a few steps further.
On the basis of the evidence that we have heard,
and the probabilities which grow out of that evidence,
I suggest that we consider the following recommen
dations:
1. We recommend an immediate and widespread re
duction in the use of fossil-fuel energy. We are
aware that fossil-fuel sources are finite, and that
they will be used less over the coming century,
but present conditions dictate that conversion to
renewable-energy sources should proceed im-
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mediately and with very high priority.
2. We recommend that deforestation for whatever
purpose be sharply curtailed, and that sub
stantial efforts should be made to renew and re
plant forests worldwide. It is desirable that large
funds, perhaps diverted from nuclear develop
ment budgets, should be allocated for global
reforestation.
3. We recommend that monocultural agriculture be
phased out, to be replaced by highly diversified
farming methods based upon intensive manage
ment as free as possible from petrochemicals.
4. We recommend that scientific and academic dis
ciplines be minimized in public education and
research, and that vigorous efforts be made to
emphasize integrated interdisciplinary teaching,
research, and professional activities.
5. We recommend that all scientists and scholars
from whatever backgrounds recognize their res
ponsibility for broad public education, and de
velop the skills needed to bring timely and
accurate knowledge to bear on the processes of
public decision-making.

I think it is also possible to predict that we will not
easily agree upon these recommendations.
This meeting, like our culture as a whole, re
presents our basic epistemological beliefs about the
nature and structure of human knowledge. There are
increasing signs that the traditional forms of know
ledge that we have inherited are no longer adequate to
our needs, and that they may in fact be distorting our
understanding of the earth and our role in its basic pro
cesses. Major changes are needed in our understanding
of relationships between environmental conditions and
human mental life. Many of these changes have already
begun, but it is uncertain whether they can develop
adequately in the time available to us. Perhaps our dis
tinction among species will be that humans will be
come the first animal to measure, analyze, and describe
the causes of im portant changes in its existence, or of
its extinction. The triggers to release those changes
may come as a surprise to most people. Many expect
that a depression or a nuclear war might change their
lives drastically, and they will be astonished if carbon
dioxide gets to them first. O
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SECTION V:
CONCLUSIONS
AND
RECOMMENDATIONS

The Potential Effects of
Carbon Dioxide-Induced Climate Changes in Alaska:
Conclusions and Recommendations
Jenifer H. McBeath, Gunter Weller, Glenn P. Juday,
Thomas E. Osterkamp, Richard A. Neve.*

speculative, since few hard facts and data exist. Some
of our scenarios are based on a few numerical modeling
extrapolations, but most are nothing more than
intelligent (we hope) exercises of the mind.
The first question we asked was, What is the
climatic scenario for Alaska for a doubling of atm o
spheric carbon dioxide concentration?
A doubling of global atmospheric carbon dioxide
is expected to occur before the end of the next cen
tury, judging from present rates of increase, which
am ount to about 2 per cent per year. Prior to the
sharp increase in the price of oil in the 1970s, the rate
of increase of carbon dioxide was 4 per cent per year,
and the doubling of carbon dioxide was expected to
occur within 50 years or so from now. Several numeri
cal models and other extrapolations agree that, with a
doubling of carbon dioxide, a global temperature in
crease of about 2-3°C can be expected, although
several uncertainties remain. The temperature increase
will not be uniform over the entire earth, but is ex
pected to be greatest in the polar regions, particularly
the Arctic. A maximum temperature increase in Alaska
of up to 6°C is possible. Since this will change the
atmospheric moisture content, cloudiness and pre
cipitation in Alaska will therefore probably change as
well.
Obviously, the length of the growing season is
also going to be affected. If the rule of thumb at
lower latitudes of a 10-day change of growing season
for every 1°C change in temperature applies also to
Alaska, then we can expect considerably longer grow
ing seasons. The physical environment of Alaska, in
which snow, glaciers, permafrost, and sea ice play a
major role, will also be affected. This in turn will
cause changes in the present distribution and abun
dance of plants and animals in Alaska. Table 1 shows
hypothesized climatic changes in Alaska’s three major

In a final, plenary session of the conference, we
attem pted to summarize the findings presented during
the conference, draw some general conclusions and
make recommendations. It quickly became apparent
that the carbon dioxide/climate problem presents a
potential global threat in which Alaska shares, though
to a lesser degree, relatively, than some other parts of
the world. Viewed in such a global context and within
a worldwide, socioeconomic framework, the problems
that may face Alaska's rather small population as a
consequence of carbon dioxide-induced climatic
changes are correspondingly small, compared with the
potentially large-scale disruptions of global agriculture,
commerce, population distributions, and even political
systems.
Nevertheless, we felt that we should proceed with
an assessment of local scenarios, problems, and solu
tions and to lay them before the Alaskan public.
Such an assessment may explain better than a remote
global scenario what could be in store for Alaska, and
there are some additional problems that are quite
characteristic of Alaska only. With this in mind, we
asked a number of broad questions of all the confer
ence attendants, this in turn generated the projections
and discussions which are briefly summarized below.
We wish to stress that much of this material is highly
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and possibly replace them with different species.
Major changes can thus be expected in the natural set
ting and environment of Alaska.
The second question we asked was: Which human
activites in the state of Alaska will be affected by a
climate change induced by carbon dioxide, and how?
Three problems complicate the answering of this
question. First, as already pointed out in the opening
paragraphs of this paper, Alaska’s problems cannot be
strictly separated from the much wider global pro
blems of disruption of food production, and shifts in
population centers and commerce that are likely to
occur as a consequence of carbon dioxide-induced
climate changes. Second, the data base for making
such assessments is very limited and highly speculative;
third, impacts will depend very much on the rate of
environmental change that forces the pace of human
activity. For example, if permafrost melts in the
interior of Alaska, many of the local construction and
maintenance problems associated with permafrost
collapse will disappear also, but while the melting goes
on there will be serious problems. The rate of change
from one equilibrium condition (the present) to
another (the future, after the carbon dioxide effects
have stabilized) determines the magnitude of severity
of the problem in many instances. In other words,
slow change is acceptable and can be coped with in our
socioeconomic system and way of life, but fast change
is not, mainly because it requires immediate, expensive
solutions.
Despite the three problems pointed out above and
for the same reasons as those given in the opening
paragraphs of this paper, we attem pted to assess the
impact of carbon dioxide-induced warming on the
major human activities within the state. Our estimates
are qualitative rather than quantitative and are admit
tedly highly speculative.
Petroleum exploitation, presently the main source
of revenue for the state, will probably be seriously
affected while the climatic changes occur (for example,
the stability of the present trans-Alaska pipeline
system may be seriously affected when the perma
frost melts), although, once the new climate stabilizes,
problems may be the same or perhaps even fewer than
now. On the other hand, transportation of petroleum
by tanker through the ice-infested northern Alaska
waters will be easier and cheaper when there is less sea
ice.
Agriculture will receive a boost through longer
growing seasons, but construction and road main
tenance will face serious problems caused by melting
permafrost while the climate change occurs, as already
discussed. The rising sea level due to the expected
eventual melting of the large ice sheets of Greenland
and Antarctica poses threats to coastal cities and vil
lages. Subsistence lifestyles of native communities

Table 1. Climate scenario for Alaska’s three major climatic
zones caused by a doubling of atmospheric carbon dioxide
concentrations.______________________________________________
Climatic
Zone
ARCTIC
Summer
Winter
INTERIOR
Summer
Winter
COASTAL
Summer
Winter

Temperature
Change( C)

Precipitation
change

+1
+6

little change
increases

+2

poss. decreases

+5

increases

+2
+4

increases
increases

Change in length
of growing
season

approx. 3
wks. add’l.

climatic zones (based primarily on global numerical
modeling results) for a doubling of carbon dioxide.
Table 2 shows the effects on the various snow and ice
forms in Alaska.
Table 2.
Effects of doubling atmospheric carbon dioxide
concentrations on the snow- and ice-dominated physical
environment of Alaska
Characteristic
Snow cover

Glaciers

Permafrost

Sea ice

Expected Change
More snow on ground, but for shorter
season. Spring break-up and run off more
abrupt and severe.
Glaciers will grow initially because of
higher precipitation, but with increasing
temperature runoff will be higher than
snow-cover accumulation and glaciers will
shrink.
Widespread melting of permafrost and
eventual disappearance of most discon
tinuous permafrost in the interior.
Less sea ice in spring, summer, and fall and
thinner ice in winter. Eventually the ice
pack in the Arctic Ocean may disappear
entirely during summer.

As a consequence of this change in climate and the
physical environment, there will be corresponding
changes in the ecological systems, including those of
the fish and wildlife of the state. Vegetation patterns
can be expected to change: traditionally more south
ern species of plants may take a stronger foothold in
the state, and the treeline may move up in altitude and
further north in latitude, although these changes will
be very slow. With changes in vegetation, will come
changes in the abundance and distribution of ter
restrial animals, including moose, caribou, and wolves.
The major changes in sea-ice extent and thickness will
probably cause major displacements of such marine
mammals as seals, whales, and polar bears, while in
creasing ocean temperatures caused by higher air
temperatures will displace the present fish population,
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parameters should be measured routinely in the
different climate zones of Alaska:
Surface air temperature
Permafrost temperature profiles
Depth of the active layer in permafrost areas
Extent and duration of seasonal snow
Extent and duration of seasonal sea ice
Freeze-up and break-up dates of lakes
Mass balance of small glaciers
Precipitation

will also be substantially changed when both terrestrial
and marine animals are replaced or displaced. Table 3
attem pts to summarize these impacts. Note that the
impacts can be both positive and negative for some
activities.
Table 3. Human activities in the state of Alaska which may be
affected by carbon dioxide-induced climate changes.

Activity
Petroleum exploration
Agriculture
Fisheries
Timber industry
Road maintenance
Construction
Coastal cities/populations
Subsistence lifestyles

Nature of Impact__________
None or small
Adverse Beneficial
X

In addition, climatological, hydrological, ecological,
and agricultural studies should be carried out on a
broad basis to determine the effects of carbon dioxideinduced climate change in Alaska. It is not the purpose
of this paper to recommend in detail the studies to be
performed — these details can be found in the national
documents referred to above. We wish to point out,
however, that the consequences of carbon dioxide
increases are projected to be most severe in Alaska, and
that the state should take them seriously. Through its
existing scientific institutions, the state has an excel
lent means of helping to address these problems.
The fourth and final question is perhaps the most
difficult but is also the most im portant one, What are
we going to do about the carbon dioxide problem?
The carbon dioxide problem could become one of the
most im portant problems confronting mankind in the
near future, although at present we cannot say with
certainty that it will. Once we have convinced our
selves that it will, however, the problem can be avoid
ed, although with difficulty and at a price. We need
not accept the above carbon dioxide scenario, if we are
willing to prevent the problem’s occurring in the
first place. This would require the concerted and coor
dinated action of all nations on Earth, based on a
multinational decision.
The first and most obvious step would be an im
mediate and widespread reduction in the use of fossilfuel energy. Fossil-fuel sources are finite and will be
used less in the coming century, but present conditions
dictate that conversion to other renewable-energy
resources, such as solar, wind, and hydroelectric energy
proceed immediately and with very high priority. The
second, and almost equally important, step would be
to curtail deforestation sharply, particularly in the
tropical areas, and to make substantial efforts to renew
and replant forests worldwide in order to increase
carbon dioxide uptake. Third, monocultural agri
culture may have to be phased out and replaced by
more diversified farming methods based upon intensive
management as free as possible from petrochemicals.
Such actions seem very unlikely in the near future
for a number of reasons, one of which is that there is
no international mechanism by which a decision as
drastic as one to control the use of fossil fuels could be

X
X

X
X
X
X
X
X

Note: From this assessment, it seems the majority of present
human activities will be adversely affected.

Since the above scenarios are based on very scant
information and data, we asked our third question,
What information is needed to better answer the first
two questions? The carbon dioxide problem is quite
rightly receiving national and international attention.
In the United States, the National Academy of Sci
ences and several government agencies, including the
Department of Energy, are presently making plans and
devising strategies on how to get better data to assess
the severity of the problem. Carbon dioxide is not the
only potential cause of climate change, however, and
the carbon dioxide climatic signal is difficult to separ
ate from similar effects due to volcanic aerosols,
changes in solar irradiance, and the presence of other
“greenhouse” gases. Suitable parameters, associated
with both causes and effects of climate change, includ
ing carbon dioxide, must therefore be seriously in
vestigated and monitored. Carbon dioxide is likely to
eventually provide the stronger climatic signal, how
ever, and the polar and subpolar regions, which include
Alaska, play a particularly crucial role in this investiga
tion, since the predicted carbon dioxide signal is
greatest in these areas.
To monitor the causes of climatic change, routine
observations of the concentrations of carbon dioxide,
aerosols, and other “greenhouse” gases (e.g. ozone,
methane, etc.), as well as solar radiation, must be
made. The sources and sinks of carbon dioxide and its
exchange across the air-sea and air-land boundary in
the Arctic deserve particular attention. When the
Arctic atmosphere warms, the tundra regions may be
come large sources of additional carbon dioxide. To
monitor the effects of carbon dioxide, the following
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made, much less enforced. To justify recommending
such actions, we must convince first ourselves and then
the politicians that the probable severity of the pro
blem will warrant such steps. This requires additional
studies and research, as well as greater efforts in broad

public eduction. Scientists from all disciplines must
recognize their responsibility in informing the public of
such problems and must develop the skills needed to
bring timely and accurate knowledge to bear on the
processes of public decision-making, o
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SUPPLEMENT

Sea Ice, Carbon Dioxide, and Climate

Gunter Weller*

ABSTRACT
Numerical modeling experiments have indicated that atmospheric warming due to an
increased carbon dioxide content of the atmosphere will be highest in the polar regions.
Sea ice, which responds to temperature variations by advancing or retreating, may there
fore be a sensitive indicator of such a climatic change. The present paper examines the
physical properties and processes of Antarctic sea ice and their probable relation to
climatic change. These processes are complicated by various feedback mechanisms, and
the carbon dioxide effects are difficult to quantify against a noisy background of climaterelated processes and variations. The sea-ice zone of the Antarctic is also an important
global sink for carbon dioxide, due to the intensive vertical exchange processes which
occur there. It is suggested that monitoring of sea-ice extent may provide an early sign of
carbon dioxide-induced climate change.

INTRODUCTION

the effect of cloud on the Earth’s radiation budget can
potentially make nonsense of any predicition of global
temperature rise due to increased atmospheric carbon
dioxide. This contradicts the National Academy of
Sciences’ report on carbon dioxide which states that
such feedback is unlikely to make much difference to
the results (NAS 1979). Webster and Stephens (1980)
also claim that changes induced by small variations of
cloudiness, surface albedo etc., appear as relatively
strong signals compared to the small changes induced
by a doubling of the carbon dioxide concentration.
Despite these uncertainties, the numerical model
ing results in all cases show that the expected tempera
ture increases, to which the positive feedback mecha
nisms of reduced ice extent contribute, are greatest in
the polar regions. This would seem to indicate that by
monitoring both the polar surface temperatures and
the extent of sea ice, an early indication of carbon
dioxide-induced climate change can be obtained. The
observational record also confirms that sea-ice extent is
quite sensitive to climate change. Hays (1978) has
shown from sediment core data in the Southern Ocean
that the mean maximum, zonally averaged ice bound-

Numerical modeling experiments have shown that
increased worldwide carbon dioxide levels will lead to
atmospheric warming that is likely to be greatest in the
polar regions (Manabe and Wetherald 1975, 1980;
Manabe and Stouffer 1979). Determining the actual
magnitude of the expected warming is difficult, how
ever, since the numerous feedback processes in exis
tence cannot presently be represented adequately in
the models. Among the processes that are included
in the models is the positive feedback from the re
duced extent of the sea ice, which in turn contributes
a large part of the computed warming in the polar
regions. Other mechanisms are currently om itted from
the models. Sensitivity studies indicate, for example,
that very small percentage increases in cloud amount
or albedo can compensate for tropospheric tempera
ture increases induced by carbon dioxide warming
(Hunt 1980). Paltridge (1980) claims that feedback via

* Gunter Weller: Geophysical Institute, University of Alaska,
Fairbanks, Alaska.
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aries now and 18,000 years ago differ by 6 degrees of
latitude (61 vs. 55°S). This means that today the
winter sea ice covers an area only about half as large as
it did during the last glacial maximum. Evidence
presented later in this paper indicates that sea ice is
also sensitive to climate changes on much shorter time
scales.
In quantifying the effects of increased global
carbon dioxide levels on the sea ice and climate, how
ever, difficulties arise. The climate record is very noisy
and the climate effects of different forcing functions
and feedbacks are difficult to sort out individually.
Atmospheric warming due to increases in carbon diox
ide may either be aided or opposed by these other
processes, and a proper understanding of sea ice
physical properties and processes is an essential pre
requisite to attempting to unravel cause-and-effect
relationships between carbon dioxide, climate, and sea
ice. The bulk of this paper is devoted to the purpose of
elucidating sea ice-climate interactions in the A nt
arctic, but speculations are made on how some of these
physical processes and their possible climatic effects
may be modified by the presence of carbon dioxide.
This is a topic that has also been discussed by others—
for example by Untersteiner (1980) for the Arctic and
by Budd (1980) and Ackley (1981b) for the Antarctic.
There is little doubt that the polar regions, particularly
Antarctic sea ice, are of great interest and importance
in determing the possible effects of increased atm o
spheric-carbon dioxide content, but it is also clear that
considerably more research needs to be conducted
before such effects can be identified and quantified.
This paper is therefore largely of a speculative nature.
PHYSICAL PROPERTIES OF SEA ICE
The various components of the cryosphere and the
exchange of heat, mass, and momentum between them
are shown in Figure 1. From a spatial point of view,
sea ice is the largest seasonal variable of the Antarctic
surface, since its area changes from a minimum of 2 x
106 to a maximum of about 20 x 106 x km2 . Sea ice
is a complex substance, in which the thermal, optical,
and mechanical properties change over a large range of
values, depending on temperature, salinity, and icecrystal structure. Since most advanced statistical
analyses of sea-ice variations are based on observations
from satellites, this requires a detailed understanding
of the emission spectra of ice, snow, and various
mixtures of these materials with fresh and salty water.
Interpretations of the modern microwave data from
satellites appear to be in conflict with more con
ventionally derived data on sea-ice concentrations in
the Antarctic (Ackley 1981a) and illustrate the need to
refine our knowledge of the physical properties of sea
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Figure 1. Schematic diagram of the polar regions, showing the
major snow and ice forms and the exchange of heat, mass, and
momentum.

ice. In the formulation of large-scale dynamic effects
of ocean-ice-atmosphere interaction, a realistic parameterisation of the subgrid-scale physics of sea ice is
entirely lacking at this time (Untersteiner 1980).
Before the advent of satellite-mounted microwave
radiometers, sea-ice freezing could be detected by a
change in the surface reflectivity of visible light.
Albedo variations of Antarctic sea ice have been
documented as a function of ice thickness and depth
of snow cover by Weller (1968), Allison (1973), and
others. This seasonal change in reflectivity is a major
factor in the energy transfer to the southern ocean,
since the albedo of open water is as much as an order
of magnitude lower than that of even relatively thin
sea ice. The very large variations in the zonally
averaged, mean, annual, global albedos are shown as
a function of latitude for both hemispheres in Figure
2. Apart from some melting in a very narrow coastal
strip of the ice sheet (Weller 1980) and small changes
of ocean albedos north of 55°S due to changes in
solar elevation, the large variability of the albedo in the
southern hemisphere is due entirely to sea ice. These
changes can be seen to be much larger than in the
northern hemisphere, where the sea ice in the central
part of the Arctic Ocean never melts completely.
Sea ice is also a very effective barrier in suppressing
the transfer of sensible and latent heat from the ocean
to the atmosphere. It acts as a lid on the vast heat
reservoir of the relatively warm ocean beneath the ice
but some heat is transferred through the ice by con
duction, and some directly by convection and eddy
diffusion through leads and polynyas in the ice. The
magnitude of heat transfer is a function of the thick
ness of the ice, as well as the temperature difference
across the ice and the latter’s thermal conductivity.

water and thick ice. In areas covered by only 1 per
cent open water, the heat transfer from the ocean to
the atmosphere in midwinter thus equals that of the
surrounding 99 per cent of thick ice. A detailed know
ledge of ice-thickness distribution is essential to
calculating the total ocean-atmosphere heat exchange,
but routine satellite remote-sensing of sea-ice thick
ness is presently not possible. Changes from a known
thickness distribution can be derived from a know
ledge of ice deformation, which is obtained from
drifiting ice buoys that report their exact positions via
satellite (Thorndike et al. 1975). Such a network of
buoys presently operates routinely in the Arctic
(Thorndike 1980) but not in the Antarctic.
A third process in which sea ice may exert a major
influence on climate change is through mass, rather
than heat exchange. Large polynyas, which remain
open through most of the year, have been identified on
satellite imagery around the coast of Antarctica (e.g.
Streten 1973). These are areas of high ice production,
in which the ice produced at low temperatures is con
stantly advected away by winds. Also, close to the
coast, usually under the influence of strong katabatic
winds, the sea ice freezes relatively late in the season,
sometimes as late as June. When freezing occurs, there
is rapid ice growth and salt rejection. The rejected salt
forms denser water mixtures which sink to deeper
levels and eventually form Antarctic bottom water.
Tritium and C14 analysis indicate substantial pene
tration and mixing of the upper waters of the polar
regions with the deep ocean (Peterson and Rooth
1976, Broecker 1979). These results have considerably
increased earlier estimates of exchange rates.
Apart from providing some mixing and circulation
of the world ocean and, hence, a direct effect on the
ocean momentum and heat storage, the formation of
Antarctic bottom water also may have a direct effect
on carbon dioxide concentrations in the atmosphere.
Bolin (1981) has pointed out that the vertical ex
change processes in Antarctic waters are large in
magnitude and are crucial for proper understanding of
the global carbon dioxide exchange between the
atmosphere and the sea. Early modeling studies in
dicated that the upper levels of the ocean could not
take up the carbon dioxide produced from fossil fuel
because of the slow diffusion between the upper and
deeper layers of the ocean (references quoted by Budd
1980). In the polar regions, however, the large ex
change due to bottom water formation may provide a
mechanism for increased carbon dioxide uptake.
Budd (1980) postulates that the atmospheric carbon
dioxide content near the coast of Antarctica can be
expected to be lower than the surrounding areas, with
a minimum occuring in March or April at the end of
the open-water period. Freezing processes in the
near-shore Antarctic waters could thus intensify the

Figure 2. Annual range of zonally averaged albedo variations in
both hemispheres (Kukla and Robinson 1980).

M aykut’s (1978) model of energy transfer as a
function of ice thickness and season has been tested by
Weller (1980) for use in the Antarctic, using the
limited, available, field-data sets in both polar regions.
The model can be applied with reasonable success.
Figure 3 shows the model calculations for freeze-up
and midwinter and also shows the few measured ener
gy balances over sea ice. For open water there is only
one data set, collected in the Arctic by Andreas et al.
(1979), and it suffers from the deficiency that some of
the data were collected over artificially flooded ponds
rather than real open water. Nevertheless, the mea
sured data approach the two orders of magnitude dif
ference predicted by Badgley (1966) between open

Figure 3. Values of the energy-balance com ponents over sea ice
during freeze-up and midwinter for various ice thicknesses (R,
net radiation; Q, eddy sensible heat flux; E, eddy latent heat
flux; S, subsurface heat flux).
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global heat sink for carbon dioxide in that region.
Limited available measurements of carbon dioxide
concentrations at coastal Antarctic stations appear to
support this picture but further field data are needed
to quantify the phenomenon.
There are other physical properties and processes
associated with sea ice that are of importance in
climate-related studies. Many of these are poorly
understood. The list includes such basic topics as the
oceanographic processes of upwelling and downwelling
in the vicinity of the ice edge, the transformation of
the ocean boundary layer in conjunction with the
formation and melting of sea ice, the processes of
open-water production inside the ice edge, the relative
roles of thermodynamics, dynamics and advection in
the advance and retreat of the ice cover, and the role
of frazil ice in salt-exchange processes (Untersteiner
1980, Weeks 1980, Ackley 1981b). In some instances,
knowledge of sea-ice properties and processes can be
extrapolated from the Arctic, but Antarctic field data
are urgently needed. This absence of information,
as well as the complex nature of interactions through
feedback processes involving sea ice, which will be
discussed in a later section, makes an assessment of the
physical cause-effect relationships of climatic change
very difficult.
VARIABILITY IN SEA-ICE EXTENT

Figure 4. Absolute and average maximum and minimum extents
of Antarctic sea ice.

As indicated earlier, the extent of Antarctic sea ice
undergoes large seasonal variations, which are much
greater than in the Arctic. Figure 4 shows the absolute
and average minimum and maximum extents of
the ice. These seasonal variations have been recorded
systematically for a number of years now. Probably
the most comprehensive Antarctic sea-ice information
comes from an analysis of ice variations for the period
1973-1975, collected by the Nimbus 5 passive micro
wave imager (ESMR). Figure 5 shows variations in sea
ice-covered areas for ice concentrations of more than
15 per cent and more than 85 per cent for the Indian
Ocean sector (20-90°E). Similar diagrams have been
produced for the other sectors around Antarctica
(Zwally et al. 1979). Greater details on ice concen
trations are shown in Figure 6 for 1976 (Zwally et
al. 1983) from which percentages of open water
can be inferred. These results show considerably
more ice-free water (25-30 per cent on the average,
than both earlier results and the concurrent analysis
performed by the Navy-NOAA Joint Ice Center in
Suitland, Maryland. If the new results are true (there
are some problems in interpreting the microwave
signitures of various ice types) then heat losses from
the ocean to the atmosphere may be higher by a factor
of 6 (Weller 1980) above the previous estimates of
Fletcher (1969).

Figure 5. The extent of the sea ice-covered area in the Indian
Ocean sector (20-90 E) for ice concentrations ^ 1 5 per cent
and ^ 85 per cent, 1973, 1974 and 1975, derived from ESMR
satellite data (Zwally et al. 1979).
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Figure 6 . Ice concentrations in the Indian Ocean sector during
1976, derived from ESMR satellite data (Zwally et al. 1983).

The interannual variability of the sea-ice extent has
been investigated by Kukla et al. (1977) from satellite
data. There appears to have been an increase in ice
coverage from 1966-1972 while ice coverge decreased
from 1972-1976. Figure 7 shows that between 19761979 there was a slight increase again. Figure 7 also
shows that the extent of snow and ice in both hemi
spheres, which is inferred from mean monthly albedo
deviations from the average, may show opposite trends
in the two hemispheres. While the albedo of the north
ern hemisphere increases over the period shown, due to
a larger terrestrial area being covered by snow, the
southern hemisphere shows decreases in albedo due to
decreased sea ice extent at the same time. The variabil
ity of the regional responses to climatic stimuli is
clearly shown by this result, and caution must be used
in interpreting short-term trends in any particular
region. To infer anything about the global carbon
dioxide effects in this context, from one or two simple
indicators, is clearly impossible, even if such an appar
ently sensitive indicator, as the extent of sea ice is
included. The reason for this is that quite different
climate mechanisms are probably at work in the two
hemispheres, leading to the observed differences. For
example, cloud cover probably plays a much greater
part in the establishment and decay of the snow cover
in the northern hemisphere, where snow is the largest
annual variable in the albedo, than it does in the
seasonal cycle of sea ice in the southern hemisphere.
Another indicator of the difference in climatic re
sponse of the two polar regions is the tropospheric

1980).

temperature trend, which may have opposite signs in
the two hemispheres, as shown by Angell and Korshover (1975) for the 15-year period 1958-73. There is
no satisfactory correlation between greater sea ieeextent and lower tropospheric temperatures, but Budd
(1975) has shown a relationship between maximum ice
extent and surface temperatures at Antarctic coastal
stations. On the average, the ice boundary is about 1°
in latitude further north for each 1°C drop in annual
mean temperature, although regional anomalies do
exist.
On much longer time scales, Hays (1978) has
shown, by analyzing sediment core data, that there is
considerable variability in sea-ice extent in the South
ern Ocean. During the last glacial period, sea ice
covered an area in winter which is twice the present
maximum area, and summer minima were much
higher than at present. Also, sea-ice maxima and
minima over the last several hundred thousand years
always preceded major ice-sheet build-up or decay in
the northern hemisphere. Ackley (1981b) speculates
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on the implications of this, particularly whether
greater sea-ice extent may be responsible for the
northern-hemisphere glaciation. Budd and Smith
(1981) provide a satisfactory solution, based on
numerical-modeling results, that indicates th at the
greater extent of ice in both hemispheres is the result
of lower global temperatures caused by orbital
radiation changes, and that the sea ice in the southern
hemisphere does not force the glaciation in the north
ern hemisphere, except through slight feedback pro
cesses. Again, however, sea ice seems to respond
sensitively to climate changes, this time on very long
time scales.
While this section has been primarily concerned
with the effects of climate on the extent of Antarctic
sea ice, the latter’s role as a driving force in the climate
system will be considered briefly in the next section.

ice cover isolates the atmosphere from the oceanic
heat source, thus increasing atmospheric heat losses.
Large heat losses over the pack ice should lead to more
vigorous circulation north of the pack-ice, and Fletcher
(1969) finds such correlations with the zonal circu
lation index. With the more recent findings by Zwally
et al. (1979) of much greater areas of open water
within the pack ice, Fletcher’s energy-balance calcu
lations must be modified as shown by Weller (1980)
leading to lower atmospheric energy losses over the
pack ice, while the more open water inside the ice edge
also reduces the relative baroclinicity of the region, as
pointed out by Ackley (1981b). Streten (1973), Budd
(1975), and Schwerdtfeger (1979) have all shown
relationships between ice extent and features of the
circulation. Ackley (1981a) has summarized these
studies in a recent review of sea ice-weather relation
ships in the southern hemisphere.
The difficulty in interpreting these observational
studies stems from the fact that statistical correlation
does not imply causality. Ice anomalies correlate with
atmospheric anomalies but are themselves forced by
the atmospheric anomalies. Modeling efforts, most of
which are conducted for the northern hemisphere,
have shown that sea-ice fluctuations cause statistically
significant modifications of the atmospheric circu
lation. For example, calculations done by Hermann
and Johnson (1978) showed that sea-ice anomalies in
the North Atlantic and North Pacific led to anomalies
of the Aleutian and Icelandic model lows, which in
effect affected the intensity of the major, northernhemisphere, subtropical highs of the model. This and
other similar models, however, do not simulate pro
perly the interactions between the ocean, the ice, and
the atmosphere, but usually have fixed sea-ice bound
aries. The statistical space-time structure of sea-ice
anomalies has also been determined by Walsh (1979)
and others using empirical, orthogonal function
analysis.
Our confidence in the model results is hampered
by insufficient knowledge of the various feedback pro
cesses that operate in the polar regions. The climate is
largely determined by complex interactions between
the atmosphere, the ocean, and the ice, and no com
plete model of this total system has been constructed
so far. It has been useful however to investigate feed
back mechanisms in which the response of some part
of the system to a change is influenced by the response
of other parts. Some feedback mechanisms in the polar
regions are apparently very powerful, and there are
others which are still to be evaluated properly (Kellogg
1975).
The heat balance of the polar regions is determined
by the transport of sensible heat by the atmospheric
and oceanic circulation, by the infrared emission to
space from the atmosphere and the surface, and by the

SEA-ICE AND CLIMATE DYNAMICS
Several studies conducted in the northern hemi
sphere since the beginning of the century have shown
that statistical relationships exist between ice extent in
the North Atlantic and certain regional features of the
atmospheric pressure field, and that large variations of
the ice boundary in the North Atlantic are associated
with fluctuations in average high-latitude temperatures.
The Polar Group (1980) has reviewed the literature on
this subject. Studies in the southern hemisphere are
fewer and are mostly of a statistical nature in which
ice extent or atmospheric heat loss is directly corre
lated with indices of atmospheric circulation.
Fletcher (1969) starts with the energy balance of
the Southern Ocean, for which he provides estimates.
Figure 8, taken from his paper, shows that the annual
patterns of atmospheric heat loss over pack ice, ice-free
water, and the continental ice sheet are quite differ
ent. The greatest contrast is between ice-free and icecovered waters in winter, when the establishment of an

Month

Figure 8. Seasonal variation of atmospheric heat loss over pack
ice and ice-free water in the Southern Ocean and over the A nt
arctic continent (Fletcher 1969).
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solar radiation absorbed. The last factor is greatly in
fluenced by the extent of snow and ice with their high
albedos (Kukla 1981). A shrinking of the snow and ice
cover due to a warming trend (as caused by increased
carbon dioxide levels, for example) will result in the
absorption of more solar radiation at the surface
(assuming that the cloud cover does not change appre
ciably), and this extra heat will further warm the re
gion. This is a classical example of a positive feedback
mechanism (fig. 9, due to Kellogg, 1975) which has
been included in virtually all of the current latitudedependent climate models, starting with those of
Budyko (1969) and Sellers (1969, 1973).
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the climate system (Kellogg 1975). Another wellknown polar feedback mechanism involving sea ice is
the one proposed by Ewing and Donn (1956) for the
Arctic Ocean. It has been criticized on theoretical
grounds and on the basis that there is evidence that the
Arctic Ocean has been ice-covered for the last 100-200
thousand years. Nevertheless it is a hypothesis that
retains great appeal and may be applicable on other
time and space scales.
These polar feedback mechanisms are im portant
because they may serve to amplify small climate
changes and, since the polar regions respond more
dramatically than midlatitudes to such changes, they
are part of a potential early warming system of
climatic change.

sm
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Figure 9. The albedo-polar ice cover-temperature feedback loop.
At the top are the processes involved in the loop and their sign.
The overall sign of the loop is indicated in the center, and at the
bottom the various factors involved in the system are sketched
(Kellogg 1975).

Sea ice enters into several other feedback loops. It
tends to maintain itself in the face of fluctuations in
mean temperature due to the layer of stable lowsalinity water that it protects, but it also has a selflimiting effect as it grows thicker due to its poor ther
mal conductivity (fig. 10). The positive loop in this
case predicts that sea ice will tend to persist, but once
removed it will not form until temperatures fall very
low. This can be thought of as a polar ice flip-flop in

EFFECTS OF INCREASED
LEVELS ON SEA ICE

CARBON

DIOXIDE

The preceding sections have discussed the physical
processes, parameters, and interactions that involve
sea ice in climate change. It is obvious that the addi
tional climatic perturbation expected from an in
creased atmospheric carbon dioxide content will be
difficult to detect against the natural background of
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advection, deformation, and growth; ice properties;
and the energy balance over pack ice. For the Arctic,
Untersteiner (1980) has suggested similar measure
ments.

climatic noise and variability. Since observations
appear not to have shown conclusively any climatic
effects of carbon dioxide so far, our speculations of
future carbon dioxide scenarios are based primarily
on numerical models. The deficiency of existing
models has been pointed out recently by several
authors at an Australian symposium on the carbon
dioxide-climate problem (Pearman 1980). Numerous
potential feedback mechanisms are curently omitted
from climate models, which, when combined, may
alleviate or exacerbate the carbon dioxide-climate
problem. Sensitivity studies of a radiative, convective,
equilibrium model coupled with a mixed-layer model
of the ocean have shown that very small percentage
increases in cloud amount or albedo can compensate
for tropospheric temperature increases induced by
carbon dioxide warming. Changes in cloud properties
were also found to directly influence the oceanic
temperatures, and the mixed-layer depth of the ocean
was quite sensitive to the wind stress, which might be
expected to vary with any carbon dioxide-induced
climatic change (Hunt 1980, Webster and Stephens
1980, Paltridge 1980). Existing models are extremely
simple and rarely approach the complexity of the
climate system. At best they provide estimates of the
partial derivatives of climate change (Webster and
Stephens 1980).
Apart from improving our numerical modeling
capabilities, we must look to the Antarctic for early
signs of carbon dioxide-induced climatic changes, and
in particular at Antarctic sea ice. A series of experi
ments suggest themselves, as follows:
1. Routine monitoring of Antarctic surface and
tropospheric temperatures.
2. Routine monitoring of the extent, characteris
tics, and variability of Antarctic sea ice. This can
now be done routinely from the planned and
existing satellites.
3. Studies of carbon dioxide concentrations on a
year-round basis in Antarctic waters and in the
atmosphere, coupled with studies of the exchange
rates of atmospheric and oceanic carbon dioxide.
This should clarify the role of the Antarctic packice zone as a sink for carbon dioxide.
Additional field studies are also needed to quantify the
fundamental nature of sea ice-climate interactions.
They have been listed by Ackley (1981b) and include
the study of ice dynamics, including regional sea-ice

CONCLUSION
Numerical modeling studies have indicated that
atmospheric temperature increases due to increased
carbon dioxide levels are likely to be greatest in the
polar regions. Sea ice responds to atmospheric tem 
perature changes, and sea-ice extent may be a very
sensitive indicator of carbon dioxide-induced climate
changes. The analysis of sediment cores has confirmed
that, during glacial periods, sea ice extent in the
Southern Ocean has been much greater than at present,
and that it increased and decreased with global tem
perature changes due to orbital-radiation differences.
Sea ice is involved in numerous feedback processes,
however, including the atmosphere and the ocean, and
against this noisy background of climate-related pro
cesses, and variations, any carbon dioxide effects are
extremely difficult to quantify. There is a large poten
tial of significant climate changes due to carbon
dioxide, but the present uncertainties are equally large.
While our present numerical models may give us only
an approximate answer to the probable climatic effects
of carbon dioxide changes, and, while the present
observational data are not conclusive concerning these
changes, monitoring of temperature and sea-ice extent
in the Antarctic will probably provide an early sign of
any climatic changes due to increased carbon dioxide
levels.
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