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Preface 

The climate of the Barth is perpetually var iable and 
changing . uncertainties about future climate , 
compounded by concerns that the accumulation of carbon 
dioxide in the atmosphere and other by-products of human 
activities may br ing about inadvertent changes of 
climate in future decades , place a premium on t.proved 
understanding and prediction of climate to meet the 
needs of JIOdern society . A major goal of climate 
research now in progress under the aegis of many national 
and international institutions is to develop a comprehen
s ive theory of global climate as a first step to a 
rational cl imate prediction capability .  Significant 
progress toward this goal has been achieved in the past 
decade . 

In  connection with global climate concerns , the polar 
regions of the Earth have become the focus of 
considerable attention in view of three distinct yet 
related circumstances: 

o Growing evidence that the polar regions play a key 
role in the physical processes respons ible for global 
climatic fluctuations and in some circumstances may be a 
pr ime mover of such fluctuations ; 

o Widening appreciation of the polar regions as a 
natural repository of information about past climatic 
f luctuations and about past Earth-environmental events 
causally related to climatic fluctuations ; and 

o Mounting concerns that future changes of climate , 
such as the general global-scale warming bel ieved likely 
to result in future decades and centur ies from the 
accumulation of carbon dioxide and other pollutants in 
the atmosphere ,  may disturb the equilibr ium of polar ice 
masses and hence global sea levels . 

ix 
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These several matters clearly merit intensive paralle1 
s tudy baaed on separate research agendas . At the aa.e 
time , however , the Polar Research Board of the National 
Research council (NRC) has perceived a need to address 
them together in the context of a holistic view of 
planetary-scale climate , froa which perspective the 
global interconnectedness of climate processes and thei r  
social implications i s  both the unifying theae and the 
key to setting overall goals and pr ior ities in cl imate
related polar research . This perspective and ita 
implications for future research are the focus of the 
r epor t ,  to which this volume is an appendix . 

The report was prepared by the Committee on the Role 
of the Polar Regions in Climatic Change , which was 
established by the Polar Research Board in 1980 to 
undertake a study in the Board ' s  new •Polar Research - A 
Strategy• aeries . The committee ' s  overall findings ,  
conclusions , and recommendations are published in a 
separate volume . The volume in hand consists of three 
s igned appendixes that together provide much of the 
background mater ial and documentation considered by the 
committee in framing those conclusions and 
recommendations . 
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Appendix A. 
The Role of Polar Regions in Climate Dynamics 

J .  0 .  Fletcher and u. Radok 

1. INTERNAL FACTORS AFFECTING CLIMATIC VARIATIONS 

In the discussion of climatic variations it is often said 
that the ocean is the flywheel or the memory of the 
global climate system. Most climate planning documents 
include such a statement, but none ventures to explain 
how this memory works. Por most of us it is a declaration 
of faith� we believe in it because it is logical. 

We observe that climatic variations in a particular 
region are associated with changes in the prevailing 
atmospheric circulation and that substantial changes in 
atmospheric circulation seem to be global in extent. We 
know that the global atmospheric circulation is a response 
to the global pattern of thermal forcing, represented on 
the largest scale by the temperature contrast between 
tropical and polar regions. Air and ocean water, the two 
working fluids of this global thermodynamic engine, share 
the task of moving heat poleward, each accomplishing 
about half of the total transport. Movement of ocean 
water is forced directly by surface wind stress and by 
heat and moisture exchanges, which affect the water
density field. For the atmosphere the largest changes in 
the thermal forcing pattern probably arise from changes 
in sea-surface temperature and surface heat exchange, 
which in high latitudes are strongly affected by the 
presence of sea ice. 

The ocean and the atmosphere tnus affect each other, 
but the response times of the two fluids are very 
different. The atmosphere completes most of its response 
to changed forcing in a few weeks� the ocean responds on 
a range of longer time scales. If tne wind stress 
changes suddenly to a different value that it maintains 
thereafter, the ocean-surface field of motion will taKe a 

-1-
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few months to adjust. The surface temperature field, 
which must reflect horizontal transport times, will 
adjust in a decade or so, but the vertical temperature 
structure, or heat storage, requires several decades. 
The salinity structure, which influences vertical 
stability, may require centuries to adjust. Since 
adjustments on all these time scales can result from a 
simple change in wind stress, we have good reason to say 
that the ocean is the memory of the coupled system and 
that it resembles a flywheel in that it tends to persist 
in a particular state once that state has been 
established. 

The reaction times of different ice forms range from 
the survival time of individual snowflakes in the 
atmosphere (minutes or hours) to the slow changes of the 
largest polar ice sheets (tens or hundreds of thousands 
of years). Between these extremes, probably the most 
significant interaction of ice and snow (collectively 
referred to as the cryosphere) with the ocean-atmosphere 
system occurs on the intermediate reaction time scale of 
sea ice (months or years). But also to be considered are 
the much slower interactions between the oceans and the 
large ice shelves of Antarctica, as well as the pos
sibility of large masses of ice being injected into the 
ocean by • surging• of a major ice sheet. 

Factors internal to the atmosphere that importantly 
affect its heat balance and pattern of thermal forcing 
are cloudiness, water vapor, carbon dioxide (002) ,  
ozone, and aerosols. All of these, except perhaps ozone, 
can be influenced by the more slowly changing ocean and 
cryosphere. 

2 . EXTERNAL FACTORS AFFECTING CLIMATIC VARIATIONS 

The solar energy reaching the earth per unit area is 
summarized as a function of latitude and time of year in 
Figure la, for the top of the atmosphere, and in Figure 
lb, for the earth's surface, assuming an average 
attenuation by the atmosphere. 

The radiation totals of Figure la all change in direct 
proportion to the intrinsic total energy output of the 
sun, or the • solar constant.• Actual variations of the 
solar constant, of the order of 0. 1 percent, that are 
associated with the formation and decay of groups of 
sunspots have so far been established beyond doubt for 
the relatively short period of accurate measurementsi 

-2-
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LONGITUDE Of THE S1.M 

Figure 1 .  Daily radiation intake (cal/cm2 d) (a) of 
the earth's surface in the absence of an atmosphere and 
(b) below an atmosphere with constant transmissivity of 
0.7 (1 cal/cm2 d • 0. 486 W/m2). (From Hess 1959 . )  

- 3-
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there is some indirect evidence that the solar emiss io n  
may also have changed by a few tenths o f  a percent on 
time scales of the order of centuries.  Such relat ively 
small changes in the solar constant could be of signifi
cance to c limate . The i r  ef fects , however ,  would be o f  
the same order as those of quite modest changes in 
c loudiness or atmospheric particle loading . The effect s 
o f  intensity var iations in only a limited part of the 
solar spectrum such as the ultraviolet are even more 
difficult to assess and remain a subject of research and 
controve rsy under the heading of sun-weathe r relation
ships . Por the pur poses of this discussion , the •solar 
constant• is considered constant . 

The distr ibution of solar radiation with latitude and 
with time of year is a dif ferent matter and changes 
s lowly and systematically with time due to variat ions in 
the earth's orbit and in the inclination of the earth ' s 
axis of rotation to the orbital plane . The fir st quanti
tative treatment of these changes was given by 
Mi lankovitch (1941) J an up-to-date reassessment has been 
undertaken by Berger (1978). Por this discussion it 
suffices to note that over intervals of many centuries 
and millennia the orbital variations can change the solar 
energy reaching the earth by as much as 10 percent in key 
lat itudes and seasons and thereby exert a significant 
influence on regional c limatic characteristic s ,  such as 
the length of the growing season and the number of days 
with temperatures above f reezing . These so-called 
•Milankovitch climate changes , •  however ,  are slow and 
probably pr oduce no c l imatic effects on time scales 
shorter than a few centuries . 

The radiation reaching the sur face (Figure lb) under 
goes additional changes inside the ear th's atmosphere due 
to var iations in water vapor , clouds , and ae rosol loading. 
Changes in optically active trace gases (H2J, C02, 03, 
oxides of nitrogen or •NOx, •  chlorof luorocarbons , etc . ) 
affect climate both directly ,  by altering the c lear-sk� 
radiat ion , and indirectly , by modifying c louds , pre
c ipitation processes , and biotic systems ( through their 
influence on the surface energy balance and on atmospher ic 
composition) . 

Volcan ic eruptions and heavy dust concentrations over 
deserts may give rise to significant short-term change s 
in climate , but the evidence for this is not yet 
conclusive (see , e . g . , Miles & Gi ldersleeve& 1978J Turco 
et al . 1982) .  

-4-
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A fundamental difficulty in assessing the climatic 
e ffects of changing atmospheric constituents is that in 
most cases the trace gases and aerosols involved are 
modulated by both human activities and natural events . 
POr example , episodes of atmospher ic haze over the Arctic 
are thought to be produced jointly by dust from the Gobi 
Desert and particles from industr ial act ivities in Asia , 
North Amer ica , and Europe . The nature of the aerosol can 
make a great deal of difference to the c l imate effects 
produced by a per sistent change in aerosol concentration , 
but for a given rat io of absorption to backscatter ing , 
t he effect will be to warm areas with a sur face reflec
tance (albedo ) above a cer tain threshold value . This 
value is exceeded throughout much of the Arctic (Kellogg 
et al . 1975). This finding implies a warming ef fect of 
most types of aerosol occur ring in the polar reg ions . 
Past changes in atmospheric partic le loading are recorded 
in the ice of g laciers and ice sheets and offer pos
s ibilities for separating recent industrial ef fects from 
t he changes in the natural background ( Thompson & 
Mosley-Thompson 1980). 

Other problems ar ise in assessing the c l imatic effect 
of changes in atmospheric trace gases , notably atmospheric 
C�. Effor ts to model the climatic effect of increasing 
concentration of co2 have not yet progressed beyond a 
l imited range of physical realism, in particular , c louds 
and the ocean have not yet been incorporated in a manne r 
permitting tnem to play their full modulating roles . 
Here aga in , the polar regions deserve spec ial attention . 
For one thing , co2 mode l calculations suggest that 
s ur face temperatures should r ise more in polar latitudes 
than elsewhere . For another , polar ice cores have 
r ecently provided the first evidence that atmosphe r ic 
C02 concentrations were appreciably less than present 
values during the last g laciation , by as much as 30 to 40 
percent , and possibly also somewhat greate r than cur rent 
values dur ing the warm climate of from 6000 to 8000 years 
ago (Delmas et al . 1980). Final ly ,  the surface exchanges 
r e lated to formation and decay of sea ice are mechanisms 
draining C02 from the atmosphere into the bottom laye r 
of  the polar oceans (Budd 1980). 

- s -
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3 .  POLAR PROCESSES AND CLEKATIC VARIATIONS 

Crucial questions on the relations between polar 
processes and climatic dynamics are the following : 

o How do the polar oceans and ice inf luence the 
behavior of the atmosphere ? 

o What are the feedback mechanisms ?  
o How do these mechanisms operate , and under what 

circumstances are they most influential? 

On a regional basis , climatic unrest probably has many 
cause s .  On the g lobal scale , cl imatic unrest may also 
have various ultimate causes , but in each case it strongly 
reflects a change in the thermal gradient between the 
tropics and the polar regions . TO such a change , the 
tropics contr ibute primarily var iations in precipitation , 
c loudiness , and ocean sur face temperature , whereas pola r 
effects include also changes in boundary-layer structure , 
in the extent of the highly reflective snow cover , and in 
the fluxes of heat , moisture , and momentum through sea 
ice , a major dynamic barrie r  between the polar oceans and 
the atmosphere . 

Climatic anomalies are associated with changes in the 
g lobal patte rn of thermal forcing . That forcing is 
dominated by the sur face heat balance , which is determined 
by the solar radiation absorbed and reflected , by the 
infrared emission to space from the atmosphere and 
sur face , and by the transport of heat by atmosphere and 
ocean circulations . The manner in which the sur face heat 
balance can be disturbed is somewhat dif ferent in the two 
polar regions . 

3.1 Arctic 

The energy balance of the Arctic Basin is dominated by 
the radiation components , summarized in Figure 2. The 
existence of a sea-ice cover (about 3 m thick) effectively 
insulates the heat reservoir of the Arctic Ocean from the 
atmosphere . The net annual radiation balance at the 
sur face is small in compar ison to the individual heat 
budget components .  The large amount o f  incoming shortwave 
radiation during the long polar summer days (100 W/m2) 
suffices ,  even after two thirds of it has been reflected , 
to melt more than 1 em of sea ice per day . The melting 
is accelerated in midsummer by the sudden lower ing of 
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Figure 2 . Radiation components at the surface in the 
central AXctic (from Fletcher 1965). 

albedo, which accompanies collapse of the snow cover and 
puddling on the ice. Thus, relatively small anomalies in 
the radiation budget can have large effects on the ice, 
and interannual variations in the date of puddling exert 
a great leverage on the radiation budget. The same 
applies to turbulent heat fluxes, although in the 
atmospheric boundary layer of the central AXctic these 
are normally between l and 2 orders of magnitude smaller 
than individual radiative fluxes (Doronin 19637 Fletcher 
1965). 

A major complication arises from stresses applied to 
the ice by the wind and the water, which cause the ice to 
crack and part in places. New ice forms in the open 
•leads,• resulting in an ice matrix with a wide range of 
different thicknesses, each having a different surface 
temperature and hence different heat balance. During 
winter, initial heat loss from open water exceeds that 
from perennial ice by 2 orders of magnitude (Badgley 
1966). During summer, the heat balance of the surface of 
the pack ice is dominated by the persistent and extensive 
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stratus clouds that cover the Arctic Basin . These c loud 
layers interact with the streams of solar and terrest r i a1 
radiation ( Berman ' Goody 1976) and u lt imately affect the 
r ate of melt ing at the sur face . 

3 . 2 Antarctic 

In contrast , the Antarctic contains a h igh ice plateau 
sur rounded by an enormous area of seasonal sea ice . OYer 
the plateau , dense clouds are infrequent, and surface and 
free-air temperatures are considerably lower than in the 
Arct ic . The surface energy balance of the Antarctic 
reg ion is shown in Figure 3 .  The pr inc ipal heat loss t o  
space comes from the c loudy reg ions around the continent 
and from the free atmosphere over the h igh plateau where 
t he cooling produces a large-scale direct the rmal 
c irculation (Figure 4) . The thermal gradient betwee n 
Antarctica and the tropics forces the southern Hemisphere 
westerlies , wh ich ma inta in great strength dur ing both 
summer and winter . The surface wind reg ime over the ice 
sheet is forced by the intense rad iational cooling , which 
g reatly re inforces the surface temperature invers ion that 
is character ist ic of the polar reg ions in general. In 
the inversion layer above the sloping ice-sheet surface , 
the slope-parallel component of the buoyancy force g ives 
r ise to a •katabatic• pressure gradient ( Ball 1 960) . 
Even where slopes are as gradual as l0-3 , this gradient 
is comparable in magn itude to the pressure grad ients of 
synoptic weather systems and creates a very steady regtae 
of surface winds crossing the elevat ion contours at a 
small angle ( Figure 5) . On the steep slopes near the 
edges of the ice sheet the direct ion of the katabatic 
flow approaches that of the fall line , and the flow 
becomes intermittent , due in par t  to instability 
mechanisms ( Ball 1956) and in par t  to the fact that the 
sur face cooling is inadequate to renew the supply of cold 
air  as rapidly as it is drained away (Schwerdtfeger 
1 970) . However ,  in some reg ions of Antarctica the 
ice-sheet topography is such as to produce regular je t 
systems , which have been observed to ma intain, without 
interruption , wind speeds of 30 m/s or more for an ent ir e 
month ( Loewe 1956) .  

Even in reg ions with less extreme conditions , the 
katabatic winds g ive the Antarct ic climate its unique 
c haracter. The prec i se role in the sur face energy and 
mass balance of the ice sheet played by these winds and 
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Figure 3 .  Est imated sur face heat balance o f  the 
Antarct ic continent ( from Fletcher 1969 ) . 
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Figure 4. Mer id ional flow in the Antarct ic atmosphere , 
which compensates for its radiat ional cool ing by 
ad iabatic warming dur ing June and July ( from White & 
Bryson 1967) . The largest vectors cor respond to 
velocities of the orde r of 135  em s-1 . 

their assoc iated •aeolian• dr ift snow transport bas not 
yet been fully established . This forms an unsolved 
parameterizat ion problem for atmospher ic modele r s .  
Another effect o f  the katabat ic wind is that it cools and 
mixes the water sur round ing the Antarct ic cont inent , 
transpor ts d r i ft snow and its assoc iated latent heat into 
the ocean , and affects the manner in wh ich the sur face 
water is able to freeze . The per s istent SE sur face wind s 
force the mot ion of the westward flowing •east wind 
drift• near the cont inent . Pur ther , the winds play an 
important role in the production of open-water •polynyas• 
favor ing the format ion of sea ice and of Antarctic bottom 
water near the cont inent . These processes allow the 
c ircumpolar ocean to exchange heat with the atmospher e  
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Figure s. Average sur face wind d irections on the Antarct ic ice 
s heet , infer red from stat ion and traverse observat ions and from 
sastrug i ( from Mather i Miller  1967) . 

much more act ively than in the Arctic , where the ocean is 
ice covered all year , is very stable in its upper layers , 
and is severely restr icted by geography in exchang ing 
water with othe r areas . The climat ic consequence of thi s  
contrast between the Arctic and the Antarctic will be 
e laborated in sections that follow . 

4. HEAT BUDGET FEEDBACK MECHANISMS 

The clearest polar feedback mechanism influencing climate 
var iability is the chang ing extent of the h ighly reflec
t ive area covered by snow and ice (Kukla i Kukla 1974J 
W illiams 197 5 ,  Matson i Wiesnet 1981) . A shr ink ing of 
the snow and ice cover , such as might follow a warming 
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trend , would result in more solar radiation being 
absorbed at the sur face . This extra heat should fur ther 
warm the reg ion . This is an example of a •pos itive 
feedback• mechanism that has appropr iately been inc luded 
in virtually all of the cur rent latitude-dependent 
c limate models , start ing with those of Budyko ( 1969)  and 
Sellers ( 1973) . The feedback g reatly enhances the mode l 
sensit ivity to cooling and more than doubles the h igh
latitude response of the mean surface temperature to an 
increase in heat ava ilable to the system from any source 
( including a hypothet ical increase in sola r constant , or 
warming by the greenhouse effect of increasing atmospher ic 
C02) .  

Another posit ive feedback mechanism that has been 
ident ified in the polar regions (Wetherald i Manabe 197 5 ) 
i s  the joint effect of atmospher ic stability and chang ing 
moisture content . In the case of a general climat ic 
warming trend , warmer a i r  will evaporate more water at 
mid-lat itudes . As more moist a i r  is advected to the 
polar reg ions , it will inc rease atmospher ic opac ity to 
ter restr ial infrared rad iation , thereby decreasing the 
net radiat ion loss at h igbe r  levels of the atmosphere . 
This effect is furthe r enhanced by the suppress ion of 
vert ical mixing by a stable lower troposphere . Thus , a 
gene ral global-scale warming would tend to be amplified 
in the polar reg ions , and this polar amplification would 
then be likely to have a feedback effect on the g lobal 
c limate system . However ,  at all stages of this line of 
reasoning , assoc iated changes in cloudiness and 
prec ipitation that have not been allowed for could lead 
to a different outcome . 

A s imilarly complex but more transparent system of 
feedback loops results from s ignificant changes in the 
atmospher ic c irculation pattern of high latitudes .  
OUtstand ing examples are polar •block ing highs , • such a s  
that which developed over the ROss Sea i n  December 1956 , 
where record high pressures were observed at the star t of 
the Internat ional Geophys ical Year ( IGY) , and the 
per s istent Alaskan block ing high of January 1977 . The 
events preced ing the formation of a block ing high are 
well documentedJ however , the i r  phys ical causes rema in 
obscure . The ir  or ig ins have been sought in hydraulic 
j ump processes (changes from supercr itical to subcr it ical 
flow (Rossby 1950) , in mar ked zonal temperature grad ients 
(Smith 1973) ,  in vert ical circulations produced by the 
splitt ing of an upper jet stream (Green 1977) , and most 
recently in nonlinear interact ion of forced waves with 
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slowly moving free waves ( Egger l978J Charney ' DeVore 
1 979 ) . Whether such factors or more esoter ic phenomena 
such as sola r flares ( Ramanathan 1977 ) are respons ible 
for the format ion of high-latitude block ing highs , their 
preferred locations of format ion undoubtedly have marked 
e ffects on the global climate . In part icular, the 
formation of block ing highs at Australian long itude s 
seems to be a feature of both interannual fluctuations 
associated with the Southern osc illat ion and longer-ter m 
c limate changes . 

Knox ( 1982)  has ident if ied seasonal variat ions in the 
frequency and locat ion of Nor thern Hemisphere blocks and 
decadal changes in these climatic features . Similar 
information for the Southern Hemisphere was collected by 
Southern Hemisphere meteorolog ists before and dur ing the 
IGY but remained tentat ive for lack of reliable synoptic 
c harts prior to the modern satellite era . In the last 15 
years synopt ic weather analyses over the Southern Ocean 
have become inc reas ingly realistic . Pend ing a compre
hensive synthesis of new First GARP Global Experiment 
( PGGE) material , the prevailing view (Van Loon et al. 

1972)  remains that the major ity of the Southern 
Hemisphere block ing highs occur southeast of New zealand , 
downstream of the most northerly pos it ion of the polar 
f ront in the central Ind ian Ocean . The Ross sea block ing 
high of December 1956 was an extreme example of that 
blocking tendency . 

5 .  SEA ICE AND CLIMATE 

The largest variat ions in the intens ity of the polar heat 
s inks are associated with var iat ions of ice extent on the 
ocean . Ice cover on the ocean is a thermal •valve• that 
very effect ively regulates heat exchange between the 
atmosphere and the ocean , both winter and summer. 

In the central Arct ic in January , the heat reaching 
t he surface from below is small even though the air is 
very cold , while the ocean waters only a few feet below 
are above freez ing . When and where ice is absent over a 
small area , as in an open •lead , •  the upward heat flow is 
typically as much as 100 times greater than over the 
ice . Should the ice cover of the whole Arctic somehow be 
removed , the total upward heat flow would be 5 or 6 times 
g reater than at present . This would supply most of the 
u sual planetary neat loss to space , with potent ially 
profound implicat ions for the climate in lower lat itudes . 
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Conversely , in summer tne h igh reflectivity of ice 
reduces tne solar heat input to the ocean by a factor of 
about 4 ,  so tnat , on the whole , both upward and downward 
neat exchange are drastically reduced by an ice cover . 

In brief, the extent of ice on the ocean regulates 
heat exchange between ocean and atmosphere and influence s 
tne pattern of net atmospher ic cooling , thereby influenc
ing the thermal forc ing of the dynamic system. � put 
tne matter in global perspective , we need to ask: How 
mucn of tne eartn ' s  surface is subj ect to thermal 
regulation by sea ice , and how much does the ice-covered 
area vary over the year and from one year to another? 

The maximum and minimum areas and volumes of sea ice 
and tne total snow/ice covers that occur on tne average 
i n  tne two hemispheres are g iven in  Table l ,  based on 
Untersteiner ( 1983) . In the Northern Hemisphere , the 
annual max imum extent of sea ice is about 6 percent of 
the hemispheric area , and the annual variat ion is about 
one nalf of this.  In the Southern Hemisphere the maxiawa 
sea-ice area is about 8 percent of the hemispheric area , 
and the annual variation is much larger , seven e ighths of 
tnis . Thus , tne annual variation in area covered by sea 
ice is roughly two and one half t imes greater in tne 

Table l.  Compar ison of Area and Volume in Arctic and 
Antarctic Sea Ice 

Max. 

Antarctic sea ice 20 

Arctic sea ice 1 5  

TOtal snow and 
ice 

Min . 

2 . 5 

8 . 0  

N . Hemisphere 64 ( 25t) 10 ( 4t) 

Max. 

3 . 0 

5 . 0  

s. Hemisphere 34 l6 . 5t ( 6 . 5t) 
( 1 3 .  St) 

From Untersteiner (1983) . 
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Antarctic than in the Arctic . we might expect that 
year -to-year var iations are also larger in the southern 
Hemisphere , and the f irst few year s  of satellite 
m icrowave observat ions f rom the Antarctic g ive a direct 
ver if ication of th is ( Zwally et al . 1983) . 

Records for the Arctic are much more extensive . 
Dur ing the warming of the ear ly par t  of this century , 
var iat ions in the mean area of Arctic sea ice were 
roughly from 10  to 1 5  percent . Changes in mean th ickness 
may have been as much as one third . These are large 
var iations from a reg ional viewpoint , but , since the mean 
Arct ic ice extent is only about 11 percent of the 
hemisphere , the long-term var iation in area was only 
a bout 1 percent of the area of the hemisphere . 

A shr ink ing ice cover permits greater thermal 
partic ipation by the ocean and thus reduces poleward 
temperature gradients and forc ing of atmospher ic motion . 
The pe r iod of Arct ic warming ( 1917-1938)  was a per iod of 
relatively weak global atmospher ic c irculat ionJ the 
c ooling of more recent decades has been accompanied by 
vigorous g lobal c irculation (Bar ry 1983) . 

Examination of the sur face rad iation budget ( Pigure 2 )  
shows why the Arct ic pack ice is sensit ive to small 
c hanges in atmospher ic heat advection dur ing early 
summer . Maximum absorpt ion is in July rathe r than i n  
June (when solar energy is maximum) , because a sudden 
increase in absorptivity occur s  in midsummer when melting 
produces puddles of water on the ice . A warmer-than
usual summer advances the melt ing date , and heat budge t 
var iations dur ing this br ief summer season are as great 
as 10 percent of the total annual heat advect ion by the 
atmosphere f rom lower latitudes . 

Dur ing the nor thern summer the k inetic energy of the 
Southern Hemisphere c irculation is about 4 times greater 
than that of the Nor thern Hemisphere . Also at that time , 
the meteorolog ical equator is  d isplaced far to the nor th 
of the geographic equator , and momentum is being trans
ported across the equator f rom south to north . It is 
thus to be expected that southern Hemisphere trends would 
be dominant in influenc ing the global system , par tly 
because of the greater energy of the Southe rn Hemisphere 
c irculation , but also because the winds over the 
equator ial zone ,  which cause important year -to-year ocean 
var iations , are ma inly a feature of the Southe rn 
Hemisphere c i rculat ion . 

Var iations in the extent of ice on the Antarctic Ocean 
also seem to be an important factor influenc ing global 
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climate . The great vigor of the Southern Hemispher e  
c irculat ion is par tly due to the h igh , cold , white 
continent of Antarct ica , which provides a major heat s ink 
for the global system even in midsummer . However , 
because it is always cold and white , its properties do 
not vary much from year to year . On the other hand , the 
area of ocean sur round ing the cont inent that is covered 
by sea ice expands in winter to about 8 pe rcent of the 
hemisphere (more than one-and-one-half times the area o f  
the continent) a nd  shr inks i n  summer to only about one 
e ighth as much . Var iat ions in sea-ice extent around 
Antarctica thus offer a h igh potential for influenc ing 
the global system. The i r  influence should be in the 
sense that g reater ice extent cor responds to stronger 
thermal forc ing and more vigorous global c irculation . 

Atmospher ic block ing h ighs and the ir assoc iated 
distortion of the normal storm-trac k  patterns have been 
linked to sea ice as both a direct and indirect source of 
climatic unrest . According to several studies , 
stat istical relationships exist between ice extent in the 
North Atlant ic and certain reg ional features of the 
atmosphe r ic pressure f ie ld (Brennecke 1904 r Me inardus 
1906J Koch 1945r Strubing 1967 ) . In their  tur n ,  large 
var iat ions of the ice boundary in the North Atlantic have 
been shown to be assoc iated with fluctuations in averag e  
h igh-latitude temperatures (e . g . , Scherhag 1936) . The 
diff iculty in interpret ing these observational studies i s 
t hat ice anomalies are themselves forced by atmospher ic 
anomalies . 

An empir ical orthogonal funct ion analysis by Walsh 
( 1980)  suggests that there may be well-def ined situations 
where sea-ice anomalies lead (and hence could cause) 
atmospher ic c irculat ion anomalies , as the early European 
climatolog ists first proposed . The poss ibility that 
sea-ice anomalie s could force global-scale atmospher ic 
var iat ions was invest igated by Herman and Johnson ( 1978)  
using an atmospher ic general c irculat ion model .  One 
s ignif icant result of the i r  exper iments was that sea-ice 
fluctuat ions in both the North Atlantic and North Pac i f ic 
caused statist ically signif icant modif icat ions of the 
Aleutian and Icelandic lows in the model ,  which in tur n 
a f fected the intens ity of the major Northern Hemisphere 
subtropical highs . 

This type of infer red climat ic effect remains 
per ilously close to the noise range of the model used . 
Somewhat more def inite results have emerged from 
calculations assuming an ice-free Arctic Ocean . Suc h 
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calculat ions have been per formed by Fletcher et al . 
( 1973) ,  War shaw and Rapp ( 1973) , and Hewson ( 1973) . 
Although differing in deta i ls , these stud ies found 
s imilar and s ignif icant d if ferences between the •ice in• 
and • ice out• features of Arctic and mid-lat itude 
c limates . However , these studies do not yet provide 
conclusive evidence for or aga inst the pred ictions of 
Donn and Shaw ( 1966)  and Budyko (1972) , namely , that the 
Arct ic Ocean would remain free of ice once that condition 
h ad been establ ished by a temporary cl imatic anomaly . No 
ev idence exists e ither in recorded history or from the 
i nterpretation of sed imentary records that the Arctic 
Ocean was ever free of ice during the last 0 . 7  mi llion 
yearsJ in fact , the beg innings of at least a seasonal ice 
cover seem to have appeared as long as 2 . 5 million year s 
a go (Herman i Hopk ins 1980 ) .  

Major climatic effects can be expected to ar ise from 
variations of the Antarctic sea ice . Budd (1975)  has 
descr ibed the variability of its pronounced annual 
e xpans ion and recess ion and established the empirical 
e ffects of sea-ice extent and t iming on the climatic 
c onditions along the Antarctic coast . Ear l ier , Fletcher 
( 1969)  pointed out that the rate of decrease of sea-ice 
a rea is a maximum in austral midsummer when the solar 
r ad iation input is at a maximum ( Figure 6 ) .  This means 
that minor changes in ice extent could have magnif ied 
effects on the partitioning of surface rad iat ion between 
atmosphere and ocean, as well as on the total hemispher ic 
heat intake . 

The advection of sea ice by the wind is a further 
var iable polar process and is concentrated in certa in key 
r egions . one of these is the western Weddell sea , where 
intense •barr ier winds • are created by the same mechanism 
a s  the katabat ic w inds , that is , in a cold air mass with 
sloping upper boundary per iodically pil ing up aga inst the 
e astern s ide of the Antarct ic Peninsula ( Figure 7) . 
These winds produce large var iat ions in the flow of sea 
ice from the Weddell Sea into the Atlantic Ocean. The 
ice export from the Arctic Ocean through the Greenland
Spitzbergen Passage undergoes s imilar var iat ions . Such 
fluctuating sea-ice transports represent another 
c ontribut ion to climat ic unrest by the polar oceans . 
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Figure 6 .  Annual var iation of pack-ice area and solar 
heat absorbed at the surface of the Antarctic sea ice 
(from Pletcher 1969) . 

6 .  CLIMATIC ROLES OF THE POLAR OCEAN 

The Arctic and Antarct ic are both reg ions of intense 
a i r -sea exchange that initiates the main process by wh ich 
the ocean contr ibutes to the balanc ing of the g lobal 
e nergy budget and to longer-term climatic fluctuations . 
The role of oceanic heat and mass transports in the polar 
energy balance i s ,  nevertheless , different for the two 
polar r egions . The d ifferences are of three k inds & 

o In the Arctic , beat and mass exchange with 
adj acent seas occur s  mainly between Greenland and 
Spitzbergen . Other Arct ic passages may be locally 
important , and all appear to show a large temporal 
var iability .  In the Antarctic , such exchange is  across 
open boundar ies . 

o In the Arctic , the inputs of fresh or low-sal inity 
water from a large number of sources , with a large 
seasonal var iability ,  are part icular ly s ignif icant 
because they affect the ocean density stratification , 
which in turn exerts strong control over vertical ocean 
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Figure 7 .  Mean sur face winds , temperatures , and sur face 
pressures dur ing an extended pe r iod of bar r ier  wind on 
the east s ide of the Antarct ic Peninsula ( 1-8 May 1968 ) 
( from SChwerdtfeger 1979) . 

heat and mass fluxes . These inputs at present are 
i mportant in the Arctic and not in the Antarctic . 

o In the Arctic , the shallow and extensive shelf 
seas favor intensive water modificat ion by hor izontal 
mixing� In the Antarctic , the deeper ocean waters are 
r eg ions of vertical thermohaline convection . This 
convection creates the Antarct ic bottom water , which may 
surface centur ies later at the r im of the Arct ic Ocean 
(c f .  Figure 8) . 

In general ,  the most intense interact ion between 
atmosphere and ocean occurs in reg ions where cold pola r 
a i r  masses f irst come into contact with the unfrozen 
ocean sur face .  These reg ions are a small fraction of the 
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Pigure 8 .  Major water masses and flow d irections of the 
Atlantic Ocean . AAlN marks the Antarctic intermedial 
water,  AABN, Antarctic bottom waterJ and M, Med iterranean 
water flowing from east to west ( from TUrekian 1968) .  

ocean area and occur in the northwest Pac i f ic ,  the 
northwest Atlantic , the Norweg ian Sea , and , espec ially , 
the southern Ocean around Antarctica . In such reg ions 
the ocean releases enormous amounts of heat and moisture 
to the atmosphere , quickly transforming the atmosphere to 
a much warmer and moister state . The beat released to 
the atmosphere in these reg ions constitutes a substantia l 
fraction of the total poleward heat transport by the 
ocean , which , on a g lobal scale , is roughly coaparable to 
the heat transport by the atmosphere ( Trenberth 1979) . 

In each region of such intense air-sea heat exchange , 
identifiable cold water masses are created that s ink to 
intecmed iate or deep levels and spread slowly toward the 
equator . These water masses conserve the i r  beat deficits 
unti l  they reach low latitudes and interact with the 
atmosphere there . On a g lobal scale this  water-mass 
forming process leads to a net interoceanic transpor t o f  

- 20 -

Copyright © National Academy of Sciences. All rights reserved.

The Polar Regions and Climatic Change:  Appendix
http://www.nap.edu/catalog.php?record_id=19386

http://www.nap.edu/catalog.php?record_id=19386


beat def ic its from as far away as the North Atlantic to 
the tropical Pac i f ic via the Southern Ocean . This is the 
equ ivalent of a net transpor t of beat from the tropical 
Pac i f ic to the North Atlantic , by a route that involves 
long time lags for ach ieving equilibr ium. 

The picture that emerges invites us to think of ocean 
heat transport in terms of several bas in-wide systems , 
which , individually , do not balance the beat ga ined or 
lost from the atmosphere but which do achieve an overall 
heat balance--at least in the longer term--when viewed as 
a coupled global system . Because the oceans are coupled 
to the atmosphere through heat fluxes on both a basin
w ide and a g lobal bas is , beat anomalies in any part of 
the total ocean system can influence climate at a distance 
in both space and t iae. The t iae-lag relationships 
involved suggest that polar ocean anomalies may provide 
the first s igns of a major global-scale climatic 
f luctuation . This  assumpt ion underl ines the importance 
o f  improved understanding of the formation and subsequent 
history of the water masses formed in subpolar reg ions . 

7.  SNOW AND ICE ON LAND 

Snow cover is obviously a result of cl imatic conditions 
but may have causal roles as well . Snow has already been 
ment ioned as the heart of the so-called •albedo feedback• 
mechanism. At its maximum extent in the Northern 
Hemisphere , snow cover extends over an area even larger 
than that of sea ice (cf . Table l ) . A change in that 
a rea and in the t iming of the snow-cover growth and 
decay , if sustained over a number of years ,  could be a 
s ignif icant influence on cltmate . It should be noted 
that the contr ibution of polar snow to rais ing the 
planetary g lobal albedo is not its only c l tmatic effect ,  
pe rhaps not even its most important one . The insulating 
properties of snow , which allow its sur face temperatures 
to drop and hence reduce the overall radiat ive heat loss 
in higher latitudes , are also s ignificant . Other 
iapor tant climatic influences of snow cover may be the 
change from a net cooling to a net beating effect froa 
atmospher ic aerosols when the sur face albedo is 
increased , the latent energy absorbed in the process of 
r ipening and melting of the snow in spr ing , and the role 
of snow cover in alter ing the form and extent of clouds . 

The capability of modeling the c limatic influences of 
snow cover is only j ust coming within reach . It is also 
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to be recognized that the snow cover could be changed 
through human activity .  �r example , the albedo change 
from extensive deforestation would be accentuated by snow 
cover on the exposed land , and the snow albedo is reduced 
by deposition of aerosol particles (Warren i Wisooabe 
1 980 ) .  

Mountain g laciers cover too small a total area to have 
any s ignif icant effect on g lobal-scale cltaate . The 
polar ice sheets are a very different matter , however .  
Part icular ly on the t ime scales of millennia , the 
potential effects of ice-sheet var iations on the g lobal 
c l imate are large . But opinions di ffe r  on details and 
even on the reality of some of the effects . 

The most direct effect of ice sheets baa already been 
mentioned: the control exerted by the ice-sheet 
topography on the sur face wind system , which in turn i s  
l inked through the structure o f  the boundary layer t o  the 
sur face temperature and accumulation rate , key factors in 
the dynamics of the ice sheet . The complete feedback 
involved is beyond the reach of current models but finds 
express ion in the Antarct ic sur face temperatures and 
espec ially in the i r  he ight gradients . Pigure 9 shows 
that these gradients def ine three broad zones: a coastal 
zone where the katabat ic wind is fully developed and 
associated with the • isentropic • warming of l°C/l00 m 
sur face descentJ a flat central zone with temperature 
g radients rang ing from warming of a round o . s•C/100 m 
descent to cooling in closed depress ions where cold a i r  
can accumulate (Kane 1970 ) J and a transitional zone with 
gradients of 2°C/100 m and more , which alternates between 
the central and katabatic reg ime s .  The extent and 
location of this transitional zone should be s ignif icantly 
d ifferent for different ice-sheet shapes and must be 
allowed for in the cl imat ic interpretat ion of ice-cor e  
data . 

The factor cur rently regarded as most directly 
respons ible for changes in the polar ice sheets is the 
•Mi lankovitch • var iation in the planetary distr ibut ion of 
solar radiation ( insolat ion) , assoc iated with changes i n  
the earth ' s  orbit . Espec ially relevant here is the 
summer-season insolation , wh ich controls the extent of 
surface melt ing and the assoc iated changes in the sur face 
energy balance . Several studies (Weertman 1976J Pollard 
1 978J Budd i Smith 1981)  have demonstrated that the 
waxing and waning of the Pleistocene ice sheets in lower 
polar latitudes of the Northern Hemisphere could be 
explained in this way , allowing also for interactions 
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Figure 9 .  Vertical temperature gradient along the 
sur face of the Antarctic ice sheet ( from Budd et al . 
1970) . 

w ith climate and with the isostatic res i lience of the 
earth ' s  crust . Linked with the Milankovitch effects 
through the ice sheets are secular changes in sea 
leve l .  �r the Antarct ic ice sheet in part icular , 
sea-level changes could mod ify the dominant ice-flow 
mechanism on the cont inental shelves and near the edge s 
of the large bedrock depress ions beneath the ice sheet . 
As a result , the ice sheet could undergo a massive 
buildup to the edge of the continental shelf dur ing 
per iods of low sea level and develop large float ing ice 
shelves dur ing per iods of h igh sea leve l .  

Th e  most spectacular but also the most controver s ia l  
way in which Antarctica is  v isual ized a s  able to disturb 
the global climate ar ises from the (as yet unproven) 
poss ibility of quas i-per iodic ice-sheet •surges . •  Wilson 
( 1 964 ) has suggested that surges of most or all of the 
Antarctic ice sheet may occur , filling the southern Ocean 
with floating ice that could initiate a global glac iation 
by raising the earth ' s  albedo . There has been little 
support for this theory in its initial form , but modeling 
s tudies suggest that surges of individual drainage 
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systems in the Antarctic ice sheet may be possible (Budd 
& Mc innes 1978) . 

Flobn ( 1974)  has speculated on the meteorolog ical 
ef fects of a large inj ection of Antarct ic ice into the 
ocean . The volume of ice he assumes is somewhat larger 
than the amount transfer red in even the largest mode l 
surges descr ibed by Budd and Mc innes but could be 
produced by the simultaneous surg ing of two or more 
separate drainage systems . Conver ted to icebergs , the 
inj ected ice would s ignif icantly raise the albedo of an 
a rea of ocean aggregating to from 6 to 7 percent of the 
earth ' s  sur face J however , that increase would be 
null ified by clouds i f  they normally covered that area . 
The ocean cooling by the ice would occur mainly north of 
t he present Antarctic convergence and espec ially in the 
relat ively restr icted space of the south Atlantic . 
Flohn ' s  chain of reasoning then leads through ocean 
heat-balance changes ,  a lower ing of water temperatures in 
t he Gulf of Mexico and the car ibbean , and the development 
of a semipermanent trough in atmospher ic c irculat ion 
a long the Amer ican east coast , with consequent cold 
summers , to the init iat ion of a new glac iation of North 
Amer ica and northern Europe . Thi s  remains a speculation 
of how the effect of the south polar reg ion might 
conce ivably spread through ocean processes into the 
Nor thern Hemisphere , none of the steps in th is cha in o f  
events has yet been established . 

one particular corollary of the surge theory is that a 
r elatively sudden r ise in g lobal sea leve l should 
immediately precede each new ice age . The geomorpho 
log ica l record has been intepreted by some observe r s  to 
show such r ises (Hollin l980J Aharon et al . 1980) . 
Surges have a lso f igured in the model s imulat ions of the 
Laurent ide Ice Sheet (Budd & Smith 1981 ) in order to 
account for the recorded southernmost extent of the ice 
sheet . Surges , moreover , could produce s ignificant 
c hanges in the high latitudes occupied by the Antarct ic 
ice sheet , where the radiat ional control becomes weak . 

This  d iscuss ion emphas izes the fact that the ice 
sheets take par t  in a complex system of g lac ial-cl imate 
feedbacks , involving bedrock i sostasy and sea-leve l 
changes , as well as temperature and prec ipitation 
changes .  A realistic assessment of the role o f  the polar 
ice sheets in long-term cl imat ic unrest must be based on 
the fur the r development of combined ice-sheet/c l imate 
models . 
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These models are needed also to interpret ice-core 
r ecords of the climatic past . Ice corea prov ide a 
compound record of changes in atmospher ic temperature and 
p rec ipitat ion as well as in ice-cap shape 1 therefore , 
the i r  reliable interpretation should be baaed on recon
s truct ion of reg ional h istor ies for ice catchaents , or 
for an ent ire ice sheet , using as time-apace boundary 
conditions all avai lable core recorda (plus new corea 
from key areas suggested by the modeling ) . 

Finally , ice-sheet models c lar ify the discussion of 
how polar events might shape our climatic future . A key 
question follows from climate model predictions , namely ,  
that substantially higher polar temperatures w i l l  result 
f rom increasing atmospher ic concentrations of C02 ·  The 
possibil ity that such temperatures (as well as assoc iated 

c hanges in cloud iness and prec ipitation , which have 
received much less attent ion so far ) could substantially 
accelerate the f low of ice sheets , espec ially in the west 
Antarctic , requires quantitat ive checking with adequate 
ice-sheet models . �r the longer -term discuss ion these 
models need to be run in conj unct ion with realist ic 
models of the polar cltaate to antic ipate the course of 
events as the planet slowly chills toward the next in the 
long succession of g lac ial pe r iods . 

8 .  RESEARCH STRATEGIES 

8 . 1  Central Object ives 

As succ inctly stated by the SCAR Group of Spec ialists on 
Antarctic Cl tmate Research ( 1981 , page 5 ) : 

Two central issues in understanding the role 
of Antarctica in the dynamics of c l tmate 
var iability emerge: 

( 1) What factors influence the intensity of 
the continenta l heat s ink ? 

( 2 )  How do the resulting anomalies of oceanic 
heat storage feed back into the ocean/atmosphere 
system? 

The f irst question calls for a thorough under 
stand ing of the factor s  influenc ing the radiation 
budget over the continent , a cont inuing monitor ing 
programme to observe year -to-year var iabi lity , and 
analys is of ice cores to determine past var iat ions . 
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The second question calls for a coabined 
model ing and observational prograa to understand 
how the ocean transports heat storage anomalies 
formed in Antarctica , and cl�te diagnost ic 
studies to understanding how such anoaalies feed 
back on the climate system (possibly by 
influenc ing the tropical sea surface teaperature 
distr ibution) . 

In a broad sense , the above statements define both the 
central issues and strategies for dealing with them . An 
e laboration of the strateg ies follows . 

8 . 2 Factors Influencing the Intensity of the Continental 
Beat Sink 

To determine the t ime var iability of the Antarctic heat 
sink , a full understanding is required of the following 
a spects . 

l . What is the relative importance of each coaponent 
of the heat budget ? The answer can be based on 
measurements at only a few locations . 

2 .  Bow does each co.ponent vary with tiae , and what 
factors are responsible for the var iat ions? The anawer 
requ ires continuous measurements of all coaponents and 
theoretical modeling of the effects of such factors as  
00 2, 03, 8201 ice crystals , and volcanic ae rosols . 

3 .  To what degree do measureaents at the few 
locat ions of continuous observat ions represent conditions 
over the whole heat-sink area? The answer requ ires 
comparative observations at other locations , but these 
need not be continuous nor s imultaneous . In general , 
these requ irements apply to aeasurements of present 
cond it ions and also to interpretation of past climat ic 
cond itions from ice cores . The two go hand in hand . 

The only u. s. station that supports continuous 
heat-budget measurements , Amundsen-Scott south Pole 
Station , is not ideally located for sampling the main 
center of cooling (Bast Antarct ica) . Thus , it is 
e specially tapor tant to determine that these measurements 
can represent the heat budget over wider areas . 

It is equally important to collect and analyze shallow 
cores ove r .wider areas in order to decipher the climatic 
record . Por obtaining a climatic record for Bast 
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Antarctica , a ser ies of shallow cores at about 100-km 
i ntervals from Amundsen-Scott Station toward Mizuho 
Station would be a good sampling pattern.  This could be 
accomplished by sur face transport or by aircraft from 
Amundsen-Scott . 

8 . 3  Transport of Oceanic Beat-Storage Anomalies 

This second •main issue • is likely to be most important 
to climate var iabi lity on time scales of decades and 
c entur ies .  The transport t iae of Antarctic intermediate 
water from its reg ion of formation to its mixing to the 
s urface in the t ropics is a few decades . The feedback 
t ime for deeper water masses is longer . Polar sea-ice 
p rocesses are the obvious start ing point for inves
tigating the polar ocean-atmosphere feedback . 

8 . 4 Polar Clues to the Climate of the Coming Centur ies 

The pr ime objects for research and monitor ing on the t ime 
scale of centur ies are the large ice shelves of 
Antarctica and the ir key processes & sur face and internal 
warming or cooling , melt ing and free z ing on the surface 
and at the ocean-ice inter face , and movement of the line 
along which ice , rock , and ocean meet ( •grounding 
l ine • ) . S ince the differential effects on the t iae scale 
of centur ies are linked with the integrated effects of 
t he decadal t ime scale , it should be feasible to use 
mode l s imulat ion stud ies for antic ipating some of the 
c hanges in the ice shelves and for deduc ing the l ikely 
consequences for the g rounded ice sheet upstream . In 
this way , key areas can be ident if ied in which precise 
monitor ing might reveal the onset of long-term trends . 

8 . 5  Polar Clues to the Climate of Coming Millennia 

On the time scale of millennia we are completely 
dependent on models for pred ictions and on the cl imatic 
and geolog ical records for ver ification . The predictions 
require a mar r iage of well-matched climate and ice-sheet 
models , which must involve a minimum of ad hoc assumpt ions 
and be capable of reconstructing the Pleistocene and 
Holocene climat ic histor ies before being turned around to 
look into the future . To achieve th is histor ical match-
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ing , it will probably be necessary to tune the models 
exper taentally with runs using a range of aaauaptiona for 
the lesser-known .adel par ... tera and histor ical 
aspects .  Thus , the problema o f  assessing the effects o f  
the polar regions o n  climate multiply and expand the 
further we look ahead , and the overall strategy must 
include pr ior ities for the tiae scales to be addressed . 
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Appendix B. 
Polar Regions as Windows on the Past 
J .  D .  Hays , J . T .  Andrews , c .  c .  Langway , and T.  L. Plw' 

1 .  INTRODUCTION 

Physical models of the climate system have become very 
sophisticated , yet under lying all models is a set o f 
assumptions and s impl i fications . The success of cl imate 
models is generally j udged on their abil ity to s imulate 
the present climate of the ear th , but this k ind of 
validation test does not necessar ily assure us that the 
models display the r ight sensitiv ity to a change of 
conditions . 

A complementary approach to understanding the causes 
of climatic change--and for predicting future changes--i s  
the careful documentation o f  how cl imate has changed in 
the past . Since the climate system is global , it is bes t 
s tudied on a g lobal scale . Nevertheless , present informa
tion clearly suggests that the polar reg ions play a 
major , perhaps pivotal , role in long-term climatic change . 

The record of past climatic changes is preserved in 
v ar ious ways , sometimes in r emar kable detail , in the 
sed imentary deposits and glacial ice of h igh latitudes . 
Only r ecently have sk ills been developed that allow the 
extraction of some of th is information from these 
depos its . The success achiev� dur ing the last two 
decades indicates the r ichness of the information these 
depos its contain and suggests that futur e wor k will yield 
even more s ignificant f indings . 

Each of the polar sed imentary and ice-core sequences 
provides paleoclimatic informat ion about specific aspects 
o f  the cl imate system on var ious temporal and spatial 
scales . The l imitat ions of the record depend on the 
dating accuracy of the chronology and the degree to wh ich 
a measured sedimentary or ice-core parameter represents 
an aspect of the climate system. 
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2 .  SOURCES OP PALEOCLIMATIC INPOJMATION 

Pour sedt.entary environments ( including ice sheets ) 
contain important paleocl imatic information , in the 
subsequent sections we discuss each of these . In 
addition , trees r ings provide valuable informat ion . 

Pirst , we cons ider ocean-floor sediments , wh ich 
contain the longest record of climatic change , with a 
potential length of about 50 million year s .  Since these 
deposits cover vast areas , ocean-floor sediaents provide 
c limatic information on a broad spatial scale as well . 

The skeletal remains of microscopic organisms are the 
pr imary source of climatic information in cores obtained 
from the ocean floor by dr ill ing and cor ing . Prom these 
r ecords , information about past sea-ice cover , 
sea-sur face temperature ,  sur face c irculation patterns , 
bottom-water temperature , and sea level can be gleaned . 

Second , the frozen sed t.entary sequences of ice sheets 
contain one of the most detailed records of past climates , 
with an annual record that goes back some 8000 year s .  
C l imatic information less well controlled chronologically 
has been recovered for more than 100 ,000  years , and the 
potential length of the record may be 10 t imes longer . 
The large ice sheets of Greenland and Antarctica , 
together with the smaller ice caps of Canada and 
Spitsbergen , are the pr imary sampl ing areas . Informat ion 
about air temperature at the top of the ice sheet , 
accumulation rates of snow , and the concentration of 
a tmospher ic aerosols and trace gases can be drawn from 
these frozen depos its . 

Third , lakes and bogs in polar r eg ions conta in 
deta iled records of past physical and biotic changes that 
may be interpreted in terms of climatic events . Although 
the Pleistocene ice sheets of both Amer ica and Europe 
obl iterated the record beyond the past 10 , 000 to 15 , 000 
years in some areas , longer records are available from 
unglac iated areas in Alaska , Arctic Canada , and S iber ia . 
The pollen and other microfossils contained in these 
sediments prov ide information about changing summer 
temperature and precipitation . Lake and bog deposits ar e 
w idely spaced in polar reg ions of the Northern 
Hemisphere , providing excellent spat ial control . 

Pour th , polar soils contain another data set , the 
structure built by permafrost- induced movements and the 
products of g lacial ice movements . Since frost-induced 
features can sometimes be related to specific temperatur e 
r eg i  .. s , these structures (when dated ) can provide 
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information on past temperature reg imes . Moraines (when 
dated) g ive information on the extent of past ice sheets 
at specific times . 

Finally , trees growing in subpolar areas contr ibute 
information about var iations of cl tmate dur ing the past 
few centur ies , revealed by var iations in their annual 
growth r ings .  In h igh latitudes , the annual growth of 
indigenous conifers and deciduous species is confined to 
the relatively shor t summer growing season r r ing 
var iations reflect pr imar ily temperature conditions in 
that season . 

2 . 1  Ocean-Floor Sediments 

OCean-floor sediments provide information on two iapor tant 
aspects of the past cl imate system s (a) the ocean--its 
s ur face temperature , ice cover , and c irculation patterns-
and (b)  sea level wh ich , to a good first approximation , 
i s  inver sely related to the total volume of water in ice 
sheets on land . 

2 . 1 . 1 Establ ish ing a chronology. It is obviously 
essential to know the t ime when past events occurred , and 
oceanograph ic and ice-volume changes can be placed in an 
increasingly accurate chronology based on the radio
metr ically dated globally synchronous record of magnetic 
field reversals (Figure 1) . Additional synchronous 
l evels are provided by the var iation of the ratio between 
two isotopes of oxygen ( 18o/16o) found in the 
carbonate por tion of the sediments . 

Th is ratio in the shells of calcareous bottom-liv ing 
fossils (Poraminifera) is controlled pr imar ily by the 
isotopic composition of the water from which they build 
the ir shells . Because fractionation occurs between 18o 
and l6o as water is removed from the ocean and deposited 
as snow on ice sheets , the ratio of 18otl6o of ocean 
water changes as ice sheets grow and contract . As the 
ocean is thoroughly mixed in about a thousand years , 
changes in its isotopic coapos ition are spread evenly 
throughout the ocean within th is t ime . As a consequence , 
the ratio of 18o/16o locked in the shells of benth ic 
foraminifera record in some complex fash ion the growth 
and decay of land-based ice r therefore , these changes in 
the 18ojl6o r atio represent synchronous levels in 
sea-floor sed iments with in the mixing time of the ocean 
and the disturbing effects of sediment-burrowing 
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Pigure 1. The sequence of magnetic field reversals and 
their age , determined largely from ratios of var ious 
radioactive decay products . These magnetic events 
occurred at the same time everywhere .  (Prom Berggren et 
al . 1980 . ) 
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Figure 2 . s�Ble if an ocean-bottom core analyzed in 
terms of the o;l o isotope ratio. (Prom Berggren 
et  al . 1980 . )  

- 37-

Copyright © National Academy of Sciences. All rights reserved.

The Polar Regions and Climatic Change:  Appendix
http://www.nap.edu/catalog.php?record_id=19386

http://www.nap.edu/catalog.php?record_id=19386


I l O 
IlO-
110 -
MO-

u 3.0 u 1.0 
- a o" 

400 

Pigure 3 .  An exaaple of a core analyzed for both 
1�;16o and the fraction of a particular radiolar ian 
fauna in the total population , both as a function of 
depth or age . Note how the two factors tend to be 
closely related . 

organisms (Pigure 2 ) . (The latter effect is thought to 
amount to usually less than 10 em. ) 

Since h igh-latitude ocean sedi .. nts frequently contain 
little or no calciua carbonate , the stratigraphic control 
in these areas is often dependent on fossil changes that 
can be shown to be reg ionally synchronous and can be 
d irectly correlated with changes in the oxygen isotope 
ratio (Pigure 3 ) . 

Ages for var ious climatic events dur ing the Quaternary 
a re controlled by 14c dating dur ing the last 20 , 000 
years ,  by uranium ser ies dates on raised terraces tha t 
can be correlated with the 1�;16o record in the deep 
sea at about 80 , 000 , 105 , 000 , and 127 , 000 years  B . P . , and 
by potassium/argon dating of the last reversal of the 
earth ' s  magnetic field--730 , 000 years B . P . Between these 
discrete levels in ocean-floor cores , ages of climatic 
events are estimated by interpolation , which involves the 
assumption of uniform sediaentation rates . 

This chronology is currently being improved by mak ing 
use of the fact that certain frequency ooaponents in the 
climatic record are known to match those of Barth ' s  
orbital parameters , with a constant phase relationshi p  
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between them ( the so-called Milankovitch effect) . By 
this means , the absolute dating of ocean-floor cores has 
the potential of reach ing an accuracy of plus or alnus a 
f ew  thousand years over the last aillion years .  

There are approximately 10 , 000 ocean-floor sediment 
cores housed at var ious oceanograph ic institutions that 
can be dated by these methods . 

2 . 1 . 2  Estimates of past water-mass pos itions and 
sea-sur face temperatures . The distr ibution of 
microfossil asseablages in the deposited sea-floor 
s ediments show coherent patterns with today ' s  sur face 
ocean-water masses and major current systems . These 
assemblages have been successfully used by CLIMAP , for 
example , to estimate the past pos ition of sur face water 
masses at the maxiaum of the last glaciation r 18 , 000 
years B . P . ) . 

2 . 1 . 3  Estimates of sea ice . Although estimates of 
the extent of sea ice are on a less f ira quantitative 
footing than est1matea of temperature at the sea surface , 
a number of linea of evidence are cons istent with 
s ubstant ially increased sea-ice cover dur ing the last 
glacial maximum in both hemispheres . 

Since sea ice is known to inh ibit pr 1mary productiv ity 
i f  it is present dur ing the summer months , strongly 
r educed biogenic remains , combined with slower accumula
tion rates , suggest areas where summer sea ice occurred 
dur ing the last glac ial maximum . Additional evidence 
from sea-ice-rafted terrestr ial and volcanic detr itus in 
both hemispheres further supports th is l ine of reasoning .  

2 . 1 . 4  Sea-level changes . Since sea-level changes ar e 
c aused by the transfer of water from the ocean basins to 
ice sheets on the continents , the volume of th is transfer 
c an be calculated if the change in ice volume can be 
measured . This  transfer can be estimated in two ways : 
f irst , by mapping terainal moraines and calculating 
equilibr ium ice-sheet profiles , from which thickness can 
be est1mated and a volume calculation made . (See Appendix 
C . ) This approach has been attempted by Hughes et al . 
( 1980) . Large uncer tainties in this method of inferr ing 

changes in sea level ar ise because of the lack of 
information about the extent of (mar ine-baaed) ice sheets 
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in both the Northern and SOuthern Hemispheres . To 
bracket these uncertainties , Hughes et al . (1980 ) 
developed maxt.ua and aint.ua esiimaie aodels . Second , 
because changes of the ratio of �/ 6o in the shells 
of benthic for .. inifera are to a large extent controlled 
by changes in volWIIe of land ice & changes in sea level 
can be estimated if changes in 1�;16o can be 
calibrated to changes of sea level . Raised terraces on 
the island of Barbados and elsewhere provide the 
information needed to do this . Rates of tectonic upl ift 
on Barbados are uncertain , but if  they are assu.ed to be 
unifora and near the average (" 25  ca per 1000 years) 
between successive low and high stands , changes in 
isotopic values on the reef-crest coral (Acropora 
palaata) from recent and late Pleistocene terraces can be 
related to elevation differences (Shackleton ' Matthews 
1977) . 

Compar ison of several successive low-sea-level and 
high-sea-level stands g ive a calibration factor of 
-0 . 011°/ o o  per meter in the ratio of 1�;16o f5 1 8o) (R. lt .  Matthews personal �unication) . 

Application of this calibration factor to the 
0 . 65°/o o range of a l8o in h igh-deposition-rate , 
deep-sea cores yields an estimate of 150 a for the 
amplitudes of the last glacial/interglacial sea-level 
change (Shackleton 1977) . 

This calculation rests on the assWIIption that there 
were not large floating ice shelves , which would alter 
saaewhat the isotopic caaposition of the ocean while 
having no effect on sea level . Errors produced by this 
assuaption , i f  corrected , would r educe by perhaps 30 a 
the estimate of sea-level lower ing dur ing an ice age . 

Both the aaxiaua ice reconstruction of Hughes et al . 
(1980 ) and the isotopic estimate (Shackleton 1977)  yield 
s imilar values for lower ing of sea level . Probably 
lower ing of sea level did not exceed 150 m at the height 
of the last ice age , sa.e 18 , 000 years B.P.  and may well 
have been less . A significantly lower estimate is 
suggested by a third approach , based on the reasoning 
that the a110unt of crustal isostatic rebound ( the r ising 
of the land surface after the weight of an ice sheet has 
been lifted ) is proport ional to former ice thickness r 
thus , the rebound nuabers can be used to calculate the 
former ice thickness (Peltier ' Andrews 1976 r Peltier 
1982) . The results of these calculations based on 
isostatic rebound deterainations indicate th inner ice 
sheets than those calculated by Hughes et al . ( 1980 ) . 
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2 . 1 . 5  FUture needs . To make better use of the 
deep-sea record for climatic interpretations , there are 
two pr imary needs a first , to study more intensively , and 
w ith new techniques , existing deep-sea cores , and second , 
to collect , through use of the hydraulic piston corer , 
much longer undisturbed sedimentary sequences in high 
latitudes . 

In the first category , methods to improve time control 
at h igh latitudes must precede detailed studies of the 
f requency distr ibution of climatic records from deep-sea 
sediments . With better time control , deta iled 
COIIP8r !sons can be made between the two haispheres . The 
development and utilization of techniques to measure the 
past distr ibution of sea ice and to determine the 
frequencies of its fluctuations are of pr ime t.portance . 
Compar ison of these fluctuations between the two 
hemispheres would provide insight into the role of these 
var iations as a.plifiers of global cliaatic change . 

The sedimentary sections available for these kinds of 
s tudies are l imited at present to 10-20 m .  The hydraulic 
piston corer makes poss ible the recovery of sequences 
h undreds of meters long . The use of this device in high 
latitudes would revolutionize deep-sea studies of 
c limate . It should receive the h ighest pr ior ity. 

2 . 2  Glacier Ice Records 

2 . 2 . 1  Introduction to ice cores . The mass ive ice 
caps of Antarctica and Greenland and the smaller ice caps 
o f  some Arctic Islands contain a high-resolution record 
of climatic change at specific locations . The key to the 
s tratigraphy of these deposits is the recognition of 
annual layers . Table 1 summar izes the var ious kinds of 
c l imatic and env ironmental history that can be extracted 
from different ice-core studies and Pigures 4 and 5 show 
where these dr illing sites were located . The investiga
t ions range in scope from the direct physical , mechanical , 
and chemical analyses of continuous samples , or samples 
from selected depth intervals , to the indirect borehole 
and a irborne geophysical sensing techniques cover ing the 
part icular vertical profile being considered (Dansgaard 
1 977 J oeschger 1977 J Gudmandsen 1975 J  Gudmandsen ' 
OVergaard 1978 J Langway 1977 ) . 

Por convenience , ice cores are categor ized according 
to depth of recovery ,  as shown in Table l a  shallow ice 
coree r ange downward to about 100 m and , depending on the 
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'l'able 1 .  Clacioli)IJical and CllutolOOJical I11't'eati9ationa of Polar Ice Corea (Proa 
Langway et al . 1984 ) 
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realc!ence tiMe . 

Vegetation cover . 
'l'ranaport procea ... . 

Mean annual ta.parature.  
Recent var iation• in 
ta.parature ratiM .  
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Tabla 1 (continued) 

TiM 
Resolutiona 

Galciolovical , 
Clf.aa tic , and 
Bnvir-tal 
Inforaation 

Intar.ediata Depth (0-500 •l • l,OOD-11,000 or Mora Yeara of Record 

All the abo9a 

Mechanical 
propertiaa 

Phyaical proper tiaa 
Cryatal alae 

Air voluaa 

Stable isotopaa 

Radioactive 
isotopea 

Blactr ical 
propertiaa 

All abo9a Abo9a 

Confined �raaaion, 
tanaion , and ahaar 
taating to dater•ine 
var iation of atrain 
with atraaa , 
t•paratura , and tiM . 

Thin aaction analyaia. Dacadaa to 
Identification of centur ia• 
abrupt changaa in 
cryatallina taatura 
creating diatinct 
ti .. hor han . 

Univaraal atage Maaura- Centuria• 
Mnta of cryatal 
or iantationa . Ultra-
aonic velocity 
Maaur-ta . 

Datar•ining var iation Dacadaa to 
of pore cloaa-off centuria• 
danaity with 
ta.peratura and 
elevation. • Tt.a 
hor iaona aarkad by 
air voluaa changea . 

TiM hor iaonar long- Dacadaa to 
tar• clf.aatic centur ia• 
var iationa . 

Maaaur-t of long- Centur ia• 
lived isotopaa . 

Dialactr ica , con- Dacadaa to 
ductivity, tiM centuria• 

hor bona . and diatinct 
hor bona 
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All abo9a . 

Plow .adel and daforaation 
hiatory,  ti .. acala . 
Natural behavior of 
large ice aaaaaa . 

Changaa in aur face 
anviron.antal 
conditione , var iation• 
in abundance of 
nucleating aganta . 

Ice rheology, var iation• 
in atrain rata , flow 
hiatory. 

Pal-lavationa . Ice 
age/interglacial 
boundar lea . 

Delineation of ice age 
boundar lea . 

Dating •old• glacier ice. 

Ice age/interglacial 
boundar lea , volcanic 
hor isona . 
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Table 1 (continued) 

Beaeuch 
Objective• 

'liM 
Be110lut1ona 

Galciological , cu. .. uc , and 
Bnvironuntal 
Infor .. uon 

Deep core (to 3000 •l and 1500 to 2 x 106 0£ More Yeua of Record 

All of the above 

Gaophyaica 
Sur face atrain 

network 

Borehole inclination 

Blutic wavea 

All above Above 

Blactra.agnetic Centur ia• 
proper tiea (UBI' 
and SBP frequenciea) 
-gne�try, IR 
racSi�try. 

Velocity,  atrain , and Decadea to 
aocu.ulation ratea . centur iea 

Strain .. aaur.-.nta 
over entire profile. 

Ultraaonic velocity 
.. aaur ... nt, ae1 .. 1c 
atucSiea . 

Inter face and Sub-Ice Mater ial 

SediMntary 
petrology 

Intel'atitial ice 
ch .. iatry and gaa 
co.poaition 

Rock frag.anta and 
bedrock 

Gaophyaica 

'lWiperature 

Fabr ic , lithology , Centul'iea to 
inclucSacl car- •1llenia 
bonaceoua .. ter ial . 

Dlter•lne poaaib111ty 
of water phaae in 
peat , 

Radia.atr ic dating . 

set .. ic , gravity, 
electr ical 
reaiativity 
prof ilea . 

Baaal and borehole 
•eaaur-nte . 
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All above 

Ice age/interglacial 
boundu iea , Pre
Holocene atratification 
and glacier atructure .  
TiM hor iaona for 
correlation• with othu 
locationa . Bxtr ... ly 
uaeful for dr ill alta 
location . 

Areal var iation• in 
drna-ic behavior , .odel 
calculation• . 

Plow hiatory, check on 
.odel calculationa , 

Aniaotropic cbaracter
iatica , Plow behavior , 

Biatory of glaciation, 
.. xt.a extent of ice 
ahaet, aubaer ial 
weather ing , age of till . 

'l'tler .. l hiatory, IIOdel 
teating. 

Age of bedrock , Degree or 
rate of eroaion ,  
weather ing , acour i119. 

Ancient landforM , 
dl'ainage patterna , 
bot� tQpOCJraphy and 
roughneaa . 

'l'tler•l and cli•Uc 
h iatory and regt.. , 
geother .. l gradient . 
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• North Site 

• 
Summit 

• Ct8ta 

Pigure 4 .  Map of Greenland showing logistic bases and 
s ites of recent Greenland Ice Sheet Project (GISP) 
activities . 
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Pigure s . Map of Antarctica showing logistic bases near 
which cores have been obtained . 

net snow accumulation at the site ,  extend back in time 
from 100 to 1000 years or .ore . This time frame provides 
several iaportant • index hor izons • or stratigraphic 
levels . Por example ,  by some of the techniques listed in 
Table 1 ,  ice-core studies can reveal aajor volcanic 
episodes (e .g . , Krakatoa in 1883 and Katmai in 1912 ) . 
Ice cores of 100 m also span the dust bowl catastrophe of 
the 1930s as well as the per iod when massive fluxes of 
anthropogenic pollutants were expelled into the 
atmosphere .  

The ice cores o f  intermediate depth range downward 
from the sur face to 600-900 m and br idge tiae spans from 
over 1000 years to the end of the Wisconsin Stage (11 , 000 
years B . P . ) or more . In other words , they extend 
throughout h istor ically recorded t ime , through the 
•climatic optimum• ( 4 500 to 8000 years B . P . ) and the 
Holocene per iod on into a global ice age . Intermediate
depth ice cores provide data that are not only distinctive 
for the region from which they were obtained but also 
reflect general trends of global significance . Inter
mediate and deeper ice cores are also invaluable in the 
investigation of secular var iations that must be 
understood for proper interpretation of a much longer 
t•poral study of deeper ice corea ( to bedrock ) . 
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Calculations baaed on glaciological and geophysical 
parameters show that the ice at the base of the ice sheet 
in south-central Greenland could have ages up to 106 
years and that Antarctic ice may be as old as 2 to 3 x 
1 06 years .  Ice corea as old as th is would extend 
through at least two , and perhaps .ore , of the glacial/ 
i nterglacial per iods of the Pleistocene Bpoch and permit 
ver ification of the low-frequency cyclic nature of the 
data obtained in a var iety of studies on the deep ice 
corea from Camp Century and Dye-3 , Greenland , and from 
Byrd Station , Antarctica . 

The parameters measured in ice corea vary from the 
physical , chemical , and isotopic properties to the 
gaseous and wave-propagation characteristics of the ice . 
As shown in Table 1 ,  depending on the particular parameter 
or features measured , different information is revealed . 
Most data from 100-m core studies reveal aeaaonal or 
annual accumulation rates or other environaental 
conditions . These are useful , however , because a great 
major ity of the natural (volcanic) and anthropogenic 
(bomb testing and other pollutant ejections into the 
atmosphere) events occurr ing dur ing the past century are 
well documented . As we go deeper into the polar ice 
sheets , we not only measure all of the parameters listed 
for the shallow ice cores but also , through necessity , 
turn to other indirect and remote investigative 
techniques . For example , glacial/interglacial boundar ies 
are suggested by a irborne radar-sounding techniques . 
Multiple internal reflections that extend laterally for 
aany miles are alao revealed by continuous flight 
profil ing . These signals probably contain cl imatic 
information , but their interpretation is not yet 
sufficiently clear . 

In  short ,  it is possible to count back in time from 
the surface to about 100 to 150 years using classical 
s tratigraphic techniques , mainly physical property 
determinations (explained in the next section) , and back 
to about 8000 years B . P .  using the stable isotope , 
cheaical , and aicropar ticle methods . The limits are 
pr imar ily based on the diffusion properties of the stable 
isotope , the minimum detection level of a chemical 
species , and the dynamic flow character istics of the 
location . At this time ,  accurate dating of ice older 
than about 12 , 000-15 , 000 years awaits further development 
of radiometr ic methods and refinement of mathematical and 
geophysical models . 
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2 . 2 . 2  Stratigraphy. The precipitation that falls in 
the dry snow zone of a h igh polar glacier bur ies the 
previous net accuaulation . The density of the underlying 
snow increases by co.paction , and with increased depth 
the snow or •tirn• gradually tranaforaa into glacier 
ice .  (By definition , the transition from • firn• to ice 
occurs when the intercommunicating pore spaces close off 
into isolated bubbles , which usually occurs when the 
density increases to about 0 . 83 g/ca3 . )  The resulting 
s tratigraphic sequences not only consist of poly
crystalline aggregates of snow , firn , or ice crystals but 
also contain atmospher ic air , entrapped when the pore 
spaces close off , together with all of the organic , 
inorganic , soluble , and insoluble foreign aater ial that 
fell with the precipitation or as dry fallout on the snow 
sur face . Thus , ice sheets preserve a record of a 
considerable var iety of paleoenviron.ental var iables and 
of their changes over time .  Corea into the ice provide 
samples of this record , amenable to systematic 
measurement as a continuous function of depth . 

Stratigraphic sequences in firn corea consist of  
s u.aer and winter deposita determined by var iations in  
density ,  hardness , grain s ize , melt phenomena , and depth 
hoar features . The study of snow, firn , or ice 
stratigraphy is coaparable to the investigation of annual 
lake varves , laminations in a sedimentary foraation , or 
tree r ings . In all cases , individual layers are deposited 
or formed , and the specific character istics or properties 
of the mater ial allow one to differentiate between •�r 
and winter or between other time intervals . 

Seasonal and annual layers in ice corea are readily 
d ifferentiated from the sur face to 100-m depths ( to ages 
of 100-150 years )  by means of stratigraphic examination 
and careful physical property measurements on corea from 
high polar glaciers ( Langway 1970 ) . Physical property 
studies useful in identifying annual layers and the 
h istory of glaciers include grain and crystal sizes and 
shapes , structural seasonal features (melt layers ,  wind 
crusta , depth hoar ) , air-bubble size , shape , grain 
boundary relationships , and volume , bubble pressure,  and 
ice-crystal or ientations . 

2 . 2 . 3  Stable iaot:opea .  The stable isotope technique 
has become one of the standard tools in glaciology 
( Danagaard 1953 , 1954 , 1964 1 Dansgaard et al . 1969 , 1973 , 
1975 1  Johnsen et al . 1972 r Bpatein ' Sharp 1959 r 
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P icciotto et al . 1960 1 Epstein et al . 1970 1 Patterson et 
al.  1977 1 Koerner 1977 1 Koerner ' Pisher 1981) . It is 
especially useful in polar regions for measure .. nts of 
accumulation rates , dating of ice cores , and recording of 
past teaperature changes (Dansgaard 1977 ) . 

As mentioned previously, the ujor iaotopes studied 
are those of oxygen : 18o and 16o.  The ratio of 
these isotopes , when expressed as a deviation from the 
r atio for present seawater in parts per thousand , is 
d ef ined as 18o (or siaply 4 ) • Seasonal snow 
accumulation cycles can also be identified by measur ing 
the seasonal 4 var iations in firn and ice . In high
accumulation regions (more than 25 em of ice per year ) , 
th is method of discr iainating annual layer s is applicable 
aany thousands of years back in time .  

The pr incipal l iaiting factor i n  applying the method 
to older ice is the tendency for the seasonal 4 
var iations to be gradually erased over time by isotopic 
diffusion in the solid ice . Beyond the depth where the 
seasonal var iations are no longer obvious , statistical 
deconvolution techniques may allow identification of the 
seasonal cycles at somewhat greater depths (Johnsen 
1977 ) . When extended to depths corresponding to ice 
formed in the last glaciation , detailed 4 records 
should reveal at least the longer-term changes of the 
accumulation rates on the ice sheet and the relationship 
of accumulation rates to temperature .  

Ice dating by the stable-isotope method i s  possible by 
counting sUJB�er maxima in 4 downward from the sur face 
as long as the seaaonal oscillations are preserved . This 
technique gives a much higher dating accuracy (a  few 
years)  than any radioisotope method , and depending on the 
accumulation rate in late Wisconsin times , it aay allow 
dating of ice layers as old as 15 , 000 or even 20 , 000 
years .  This ability , with its potential for inferr ing 
snow accumulation rates back into the last glacial 
per iod , aay be utched as a dating technique , only by 
a icroparticle and chemical analyses (Herron ' Langway 
197 9 r  Herron 1982 r Hammer 1977 r Hammer et al . 1978) .  

Atmospher ic teaperature var iations can also be 
determined from the stable-iaotope technique because the 
isotopic fractionation governing the ratio 1�;16o i n  
the snow deposited on the ice sheet is influenced by the 
teaperature where and when the snowflakes were formed . 
This teaperature , in turn , is the same as the air 
t•peratur e at the altitude of snow for��ation . When 
look ing at long-term 4 records , such as those from the 
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Camp century core , the inferred te.perature changes 
ca.pare quite favorably with those established fro. other 
studies of glacial chronology (Dansgaard et al . 1969 ) . 
I n  addition , some of the more pronounced temperature 
fluctuations within histor ical ti .. and dur ing this 
century are recognizable , particular ly in the crete 
station record fro. central Greenland . 

Thua , 4 profiles obtained from long ice corea 
provide extremely valuable information in the form of:  

1 .  Climatic recorda of temperature , more detailed 
than those obtained by any other method and abaolutely 
dated as far back as 10 , 000-20 , 000 year s r  

2 .  Data sufficient to estimate time lags and coupl ing 
coefficients between climatic changes with in the Northern 
and Southern Hemispheres and between hemispheres , 

3 .  Compar isons with particle profile data to 
determine whether correlations exist between atmospher ic 
turbidity and global climate change , 

4 .  Estimates on the corrections to the 1� scale 
beyond the range of dendrochronology (which only goes 
back about 6000 years ) . 

2 . 2 . 4  Radioactive isotopes . Although counting annual 
layer s through stable-isotope and other stratigraphic 
dating techniques (physical proper ties , total S 
activity ,  dust concentrations , and elemental cheaiatry) 
is considered accurate to with in a few years , perhaps 
back to the late Wisconsin , independent checks on these 
techniques are desirable . In addition ,  other abaolute 
methods must be developed for ice older than about 3 0 , 000 
years (Qeschger et al . 1966 , 1967 , 1976 ) . 

For radioactive isotopes produced by cosmic radiation 
in the atmosphere , a near equilibr ium exists between 
production and decay. Dating by these radioisotopes is 
based on the assumption that their specific activities at 
the time of deposition or occlusion (withdrawal from 
contact and exchange with the atmosphere)  have always 
been the same and that dur ing subsequent downward 
movement of the ice layers the specific activities decay 
exponentially with time according to their half-lives (T 
1/2 ) . 

The following radioactive isotopes are found in ice as 
components of : 
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0 
0 

water molecules 3a ,  
occluded gases 1� in C02 , 39Ar , 8�r , 81Kr 
and in earticulate and dissolved aatter , 3�si , 2 6Al , 
3 6cl ,  5� , and 10ae . 

The different radioactive dating techniques available 
for glaciological purposes are l isted below according to 
their age ranges (Oeachger et al . 1975 , 1977 ; Le�n at 
al . 1977 ; Siegenthaler ' Oeachger 1978 ; Siegenthaler et 
a l .  1979;  Stauffer ' Berner 197 8 ;  Berner et al . 1978) . 

1 .  Shor t term ( 0-100 years )  on ice corea . 
Shor t-lived artificial isotopes ( e .g . , fission products 
90 sr and 137cs , and 3a from fusion bomb teats) and natural 
iaotopea ( e .g . ,  •pre-bomb• 3a and 210Pb) can be used 
for dating near-surface snow and firn layers of up to 100 
year s of age . Tr itiua and other fission products have 
been deposited on the Greenland Ice Sheet according to a 
well-known tiae sequence. Pronouced deposition hor izons 
are found in the layers froa 1954 to 1963 , corresponding 
to certain atomic testa . 

2 .  Medium term ( 100-1000 years) on ice in s itu . 
At aoaewhat greater depths , longer-l ived iaotopea must be 
used . Por the time per iod between 50 and 1500 years ,  
3 2s i  ( T  1/2 • 295 years)  and 39Ar ( T  1/2 • 269 years) 
ar e useful for dating purposes . 

3 . Long tera (more than 1000 years ) . 
At present , 14c offers the only possibility for 
reliable radioactive dating of ice up to the age o f  
2 5 , 000 years ,  although several potential iaotopea are 
available a 53Mn ,  36c1 , 81Kr , 26Al , and 10ae (Looali ' 
Oeschger 1968 l Oeachger et al . 1977 ; Oeachger 1977) . 
Samples for 3 Cl measurements were taken at Crete in 
1974 , and methods for the radioactivity measurements ar e 
being studied . 

2 . 2 . 5  Chemistry. Polar snow layer s retain much of 
their or iginal chemical coaposition for up to 120 , 000  
years ,  even though these layers are subject to physical 
alteration by stress , flow , and diagenetic processes . 
Within these layers are dissolved and insoluble par
ticulate aatter (deposited aerosols) ,  which r eached the 
snow sur face as ice-crystal nuclei ,  condensation nuclei 
(scavenged by fall ing snowflakes) ,  and dry fallout . Ice 
sheets are generally remote from sources of natural and 
ar tificial aerosols ; therefore , the chemical composition 
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of the impur ities within the ice tends to reflect 
r egional or global atmospher ic burdens of constituents 
and their changes over tiae (Win� 196 9 J  cragin et al . 
1977 J Herron et al . 1977) . These constituents may be of 
mar ine , terrestr ial , or extraterrestr ial or igin , 
including volcanic , biological , and anthropogenic matter 
carr ied to the ice sheet by atmospher ic transpor t and 
deposited on it by selective removal mechanis .. .  

Ice sheets are similar to the oceans i n  that they act 
as teaporary reservoirs for these mater ials . However , 
oceanic sedimentary records are often coapl icated by 
postdepositional cheaical and biological modification . 
The ice sheets contain only atmospher ically transported 
mater ial , and because of the low temperatures , cheaical 
substances remain .ore or less as they were at the tiae 
of deposition . Chemical analysis of deep ice--core 
profiles is an ideal way to investigate the nature and 
composition of the basel ine global aerosol and its 
changes , to model the interaction of aerosols and 
climate , and to quantitatively assess the impact on a ir 
quality of huaan activities throughout h istor ic time 
( Hammer 1977 , 1979J  Hammer et al.  1978 J Herron 1980) . 

A recent developaent of interest to the cliaate 
community has been the ability to determine the carbon 
dioxide (C02) content of the air at the tiae of 
deposition of the snow. This determination is made by 
the careful recovery of entrapped gas released by aelting 
an ice core,  followed by an analysis of the gas (Stauffer 
• Berner 1978 J  Berner et al . 1978 , 1980 J Raynard • Delaas 
1977 J Delmas et al . 1980) . Results indicate that the 
C02 content of the atmosphere dur ing the height of the 
Wisconsin ice age was only about half the present content 
and that dur ing the wara per iod 5000-8000 year s B . P . , i t  
aay have been sa.ewhat greater than it i s  now. 

Seasonal var iations in chemical concentrations ar e 
k nown to occur in ice cores and sur face snow (Murozuai et 
al . 1969 ; Weiss et al . 197la , b ,  197 5 J  Langway et al . 
1977) . These var iations provide information about 
elemental sources and their atmospher ic pathways to the 
ice sheet (Koide • Goldberg 1971) . Seasonal cycles based 
on chemical analyses persist longer than stable-isotope 
var iations (specifically l�/16o ratios ) , s ince the 
d iffusion rates for the elements of interest are 
significantly less than for self-diffusion of ice . 
Elements of d iverse or igin , such as dust-der ived Al and 
mar ine Na , showing concentration maxiaa in different 
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seasons , may be used for cross-dating purposes in the 
same way as dust and stable-isotope var iations . 

2 . 2 . 6 Puture needs and directions for glacial ice 
�· The greatest eapbasis should be directed toward 
t.proving capabilities in two general areas : (a)  field 
collecting equipaent and devices , and (b) .ore co.pre
hensive laboratory investigation on ice cores by 
exper ienced and competent scientists . 

I n  regard to equipaent , there is iaaediate need for , 
and auch international interest in , •off-the-shelf• 
shallow ( 100 m) and intermediate depth ( 500 to 1000 a) , 
large diameter (minimum 10 ca) , fast operating , and 
lightweight ice-core drilling devices capable of air 
transport.  Several high-per formance operational devices 
exist , but shop drawings necessary to aake replicas of 
them are not readily available . We suggest that a 
comprehens ive engineer ing study of all available shallow 
and intermediate r igs be made by appropr iate specialists 
and that a universal aodel be designed incorporating the 
best features of available r igs . 

Until 1968 , only one operating deep-core dr illing r ig 
existed in the scientific community that was capable of 
dr ill ing to depths of .ore than 1000 m. In connection 
with the GISP program, a new, unique , lightweight 
deep-ice core dr illing r ig for use in Greenland was 
conceived , developed , and successfully operated between 
1979 and 1981 by the Danish , SWiss , and u. s .  participants 
of the program ( Langway et al . 1984 ) . We suggest a 
careful u. s .  engineer ing study be made of this GISP r ig 
for possible standardization as • the deep core dr ill• and 
drawings be offered to all nations engaged in polar or 
subpolar core dr illing .  This procedure will conserve 
dr ill development and testing costs for the total 
community and allow savings to be directed to a stronger 
and more vigorous and co.prehensive core-study program . 

Remote penetrating probes that could be used to 
measure in situ physical parameters and to collect large 
l iquid , gaseous , and solid samples at selected depths in 
a glacier have been under developaent in several nations 
s ince the early 1960s . Limited success has been 
achieved , probably due to low-pr ior ity attention and 
little financial suppor t of the projects . We suggest 
full review of the ratio of development costs to the 
r eturn of significant data and compar ison to borehole and 
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core studies before giving fur ther attention to remote 
systeu . 

I n  regard to laboratory studies , we note that s ince 
the advent and successful recovery of largely continuous , 
undisturbed , inter-.diate and deep ice cores dur ing the 
pre-IGY ( International Geophysical Year ) per iod ( 1956 in 
Greenland) , many countr ies (e .g . , the United States , 
Denmark ,  Switzer land , Soviet Union , Australia , France , 
Japan , New zealand , Belgium, England , Canada , Chile , and 
Austr ia) have dr illed for ice cores in the polar , 
subpolar , and alpine regions in both the NOrthern and 
Southern Hemispheres . we note , however , that about 25  or 
so ice cores deeper than 100 m have been recovered from 
the different localities since 1956 , and only three 
deeper than 1000 m.  Th is finding illustrates the need to 
obtain more ice cores from all areas of the globe for 
comprehensive and integrated investigation with current , 
advanced analytical techniques . 

A few of the first-order scientific probleu related 
to climatic change and paleoenvironmental conditions that 
could be answered by ice-core studies include those 
listed in Table 2 .  

2 . 3 Lakes and &ogs in the Tundra :  The Pollen Record in 
Polar Regions 

2 . 3 . 1  Introduction of palynology. The use of pollen 
analys is , or palynology , as a tool for climatic 
reconstruction is becoming increas ingly well established 
in Arctic areas . It has been used infrequently in polar 
r eg ions of the Southern Hemisphere , pr imar ily because of 
the general rar ity on the Antarctic continent of organic 
deposits with useful microfossil diversity .  

In the Northern Hemisphere ,  interpretation o f  •pollen 
d iagrams • (plots of relative species abundances as 
functions of time) from tundra areas has advanced 
slowly. By and large , the major ity of palynologists have 
not considered the specific problems of interpreting 
diagrams from tundra regions 7 that is , relatively little 
effor t has been expended on identification of tundra taxa 
to the species level , and there are few studies on the 
trends and divers ity of the .adern •pollen rain •  
(depos ition o f  a irborne pollen) onto the Arctic tundra .  

The Arctic tundra does not consist o f  a uniform 
assemblage of plants . Botanists have long recognized 
that the tundra can be subdivided into three or four 
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Table 2 .  Needed Studies of Cliutic and 
Paleoenviro�ntal Conditions 

S tudy 

S table isotopes 

Radioactive isotopes 

Cheaical elements , 
ions , heavy metals 

Terrestr ial dust and 
aerosols 

Extraterrestr ial dust 

Halogenated hydrocarbons 

!Otal gas coaposition 

Organics 

Physical properties 

Stratigraphy 

Fabr ics 

Mechanical properties 

Scientific Objectives 

Paleocliutes , annual 
accumulation 

Dating , global circulation 
( natural and artificial 
pollution) 

Basel ines , global 
circulation , pollution 

Volcanic index , dating , 
global circulation 

Fluctuations in meteor ic 
deposition 

Pesticides , ozone layer 

Greenhouse effect , ita change 
with time 

Bulk and trace analyses 

Pollen ' plant fragaents as 
indices of biotic events 
and changes , elemental 
carbon 

Environmental conditions of 
past 

Fluctuations in particle 
deposition ,  sur face melt 
features of past 

History of depos ition and flow 

Plow character istics related 
to tiae scale 
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major vegetational zones . These can be characterized by 
the occurrence , or absence , of speci fic species . Young 
( 1971) discusses his subdivision of the Arctic tundra in 
terms of the cliute cr itical to plant growth , which 
consists a illply of the sua of Man .onthly teaperatures 
above o •c .  Pigure 6 illustrates Young ' s  zonation , where 
the following definitions of the boundar ies of aumaer 
warath zones apply : 

Sw.er Warmth 
Zone (Sua of monthly mean 

teaperatures above 0 °C )  

1 �6 
2 6-12 
3 12-20 
4 20-35 
Within tiaberline 3 5  

Although palynologiata have qualitatively recognized 
some var iations in Arctic tundra pollen , these have 
r arely been associated with detailed vegetational studies 
( see Birks 1973 for a review) . 

Extensive palynological research has been conducted in 
Greenland by European palynologiats (e .g . , Predakild 
1973 , and in press , Punder 1978 ) . In Arctic Canada the 
area north of the tree line has been studied in a few 
localities (Ralllpton 19711  Ritchie ' Bare 19711 Nichols 
1975) . In northern Alaska , palynological research i s  
undergoing r enewed emphas is (Brubaker e t  al . 1983 1 Walker 
et al . 1981)  following the pioneer work of Livingston 
( 1955) . 

2 . 3 . 2  Pollen identification. Pollen diagrams froa 
NOrthern Hemisphere polar regions are available from 
northern Alaska , Arctic canada , Greenland , Spitsbergen , 
and the USSR Arctic . Pollen identification froa tundr a 
areas is more difficult than that from s ites within the 
forest liait because of leas gener ic diversity and the 
lack of accepted cr iter ia for distinguishing pollen of 
different species in a genua ( e .g . , Carex) or different 
genera in a family (e .g . , grasses) . Much information is 

-56-

Copyright © National Academy of Sciences. All rights reserved.

The Polar Regions and Climatic Change:  Appendix
http://www.nap.edu/catalog.php?record_id=19386

http://www.nap.edu/catalog.php?record_id=19386


Pigure 6 .  Boundar ies of the four proposed Arctic 
flor istic aones . Zones 2 and 4 are shaded , zones 1 and 3 
are unahaded . (After Young 1971 . ) 
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being lost by the absence of pollen keys that enable 
identification to the species level . WOrk of this detail 
is best exeaplified by the papers fro. Greenland . 
However , other workers are now realiz ing the need for 
this type of analysis . It  should be noted that this type 
of detailed pollen identi fication takes considerable tt.e 
and patience . 

2 . 3 . 3  Accuracy and precision of pollen counts . 
Little wor k has been undertaken on the problem of the 
accuracy and precision of pollen counts on tundra 
mater ials . The production of pollen in Arctic areas i s  
low. Estimates o f  pollen influx , measured as 
grain/cm2/yr , indicate that values range between 10l 
and 102 , thus , many slides , when they are prepared ,  
have relatively few pollen grains . I n  many cases whole 
slides have to be counted to get some statistically 
satisfying nwabers . In areas with in Young ' s  zones 3 and 
4 (Pigure 6 ) , pollen productivity is s ignificantly h igher 
than in zones 2 and 1 .  In zone 4 considerable tree 
pollen is blown into the area and deposited , and in both 
zones 4 and 3 the shrubs of Betula and Alnus are prolific 
producers .  However , in zones 2 and 1 the major 
components are the grasses , sedges , and heaths . 

2 . 3 . 4  TYPes of sediment saaeled. Pollen analyses 
have been per formed on sediaents of six major k inds a 
lake bottOJU , mar ine muds , ice cores , peat of bogs , 
frozen ground , and sur face soils . The first two are o f  
special interest here.  

Probably the major ity of pollen diagrams from polar 
areas come from pollen extracted from lake muds . 
Sampl ing th is type of environment usually involves the 
use of a piston corer , using ice as a platform , or cor ing 
from a small inflatable boat or raft . Length of core 
recovery from this sor t of operation var ies between 1 and 
4 m. Longer cores would appear feasible in some situa
tions . Lake cores from polar areas frequently cover 
whole or part of the Holocene . 

Pollen also has been reported from ice cores obtained 
from Camp Century (Predskild & Wagner 1974 ) , Devon I sland 
(Lichti-Pederovitch 1974 ) , and the Penny Ice Cap (Baffin 
Island) (Shor t ,  1979) . Pollen influx is low and is 
dominated by exotic pollen taxa . WOrk is in progress on 
a pollen stratigraphy from the Devon Island ice cores , 
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and a pollen stratigraphy is planned for a deep hole of 
bedrock through the Penny Ice Cap ( 1986?) . Pollen 
preservation is often excellent fro• such an environment . 
This type of pollen investigation is j ust starting . 

2 . 3 . 5  Radiometr ic control . Dating control of Arctic 
pollen diagrams ranges from poor (one date per diagraa) 
to excellent (greater than eight dates ) . The dating of 
Arctic lake and peat sediments encounters problems 
assoc iated with the low biological productivity , the 
presence of permafrost , and rapid rootlet penetration at 
sites that are character ized by excess ively well-dra ined 
sediments . 

P eaty sediments have not always given reliable dates 
in polar regions . Bomb carbon appears to be prefer
entially depos ited in Arctic regions , and in some peats , 
14c activity greater than recent levels has been 
reported at depths of 50 em and for sites that , on 
archeological grounds , should date from 2800 years B . P .  

Ice-core pollen analysis has a t  least the possibility 
of providing annual estimates of pollen flux at those 
levels where annual layers can be detected . However , the 
pollen concentrations are sufficiently low that this 
analysis would demand a dedicated core solely for pollen 
use .  The potential information in this type of record 
suggests that such a core should be included in future 
science plans for ice-cor ing prograas from sub-Arctic or 
temperate latitudes where there are sufficient pollen and 
spore cones . 

Resolution in Holocene core mater ials is limited by 
the standard error on the radiocarbon dates . This is 
commonly �200 years at the 95 percent confidence level . 
If tt.e ser ies are to be developed that can take into 
account the poss ible resolution impl icit in sedimentation 
rates ( for example , one saaple over 10-50 years ) ,  we 
suggest that multiple dates are required at cr itical 
hor i zons . This approach could lower the standard error 
to �60 years at the 95 percent confidence level if ten 
replicate dates were r un ,  or ±100 if only four dates per 
level were obtained . Annual pollen var iations are 
poss ible , of course , if annual lake laminea can be 
sampled ' such s ites are probably available . 

In  general , the resolution of many Arctic pollen 
d iagrams is such that var iance spectrum analysis should 
be feasible to gain some information on per iodicities ( i f  
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any) from about 100 to 2500 years (e . g . , Nichols et al . 
1978) . 

2 . 3 . 6  Transfer functions and clt.atic information . 
Climatic information in polar pollen diagrams has been 
inferred from: 

o presence or absence of var ious thermophilous 
shrubs or herbs (PUnder 1978 ) 1 

o presence of far-travelled exotic pollen taxa that 
are interpreted to reflect an increase in southerly 
advection into a region (Byvar inen 197 2 1  Nichols et al . 
1978) 1 

o transfer functions baaed on a statistical 
relationship between pollen species percentages in moder n 
sur face samples and climatic parameters (Kay 1979 r 
Andrews et al . 1979 1 Andrews ' Nichols 1981 ) . 

Punder ' s  ( 1978) study of lake cores in Bast Greenland 
indicates the substantial level of paleoclimatic 
information that can be obtained through a detailed 
analysis . Kay ' s  ( 1979) results are der ived from the 
application of transfer functions based on sur face soss 
polsters to lake sediment pollen var iations . The results 
of Andrews et al . (1979 , 1980 ) were obtained by applying 
transfer functions baaed on surface mosses to peats . The 
latter approach is preferred because it is not clear how 
closely the tops of lake-sediment cores match the pollen 
r ain in sur face mosses (which should be a sore comparable 
mater ial to peats in terma of pollen catch) • An example 
of the k ind of clt.atic information that can be recovered 
is the decline of July temperatures between about 4500 
and 3 500 years B.P.  in  the eastern Canadian Arctic 
(Andrews et al . 1979) . Purthermore , .adern July 
teaperaturea there are warmer by 2 °C or so than at any 
time since about 2500 B . P .  A time-ser ies analys is 
suggests a per iodicity of about 2 50 years in the exotic 
pollen influx that may be statistically significant ( see 
also Nichols et al .  1978) . 

2 . 3 . 7  Puture needs and research areas for polar 
palynology. Puture r esearch efforts into the climatic 
information held in pollen spectra from the tundra 
r egions should focus on a number of specific problems . 
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These have been alluded to in earlier sections , but they 
are suamar ized her e .  

A better data baae i a  required for the geographic 
var iation in the modern pollen rain . Because the 
geological record ia interpreted from a var iety of 
mater ials (peats , lake muda , mar ine muda , and ice) , the 
modern var iability and trends in surface pollen 
occurrences need to be examined through an analysis o f 
core top data , annual anow layers ,  and sur face .osaes . 

More and longer lake cores are required at strategic 
s ites throughout the polar regions . In the NOr thern 
Hemisphere ,  workers should seek aitea outside of the area 
covered by the late Wiaconain ice sheeta so that the 
history of vegetation and climate pr ior to the Holocene 
can be evaluated . Colinveaux ' a  success in obtaining long 
cores from NOrth Alaska indicates that , with the proper 
equipment and some luck , these attempts are feas ible. 

The geographic coverage of pollen s ites should be 
improved . Large blank areas exist even if  j uat the 
Holocene Ser ies is considered . Spitsbergen , Nor th and 
East Greenland , the Queen El izabeth Islands , the USSR 
Arctic islands , and the nor thern region of Alaska have 
produced few Holocene pollen spectra . Longer continuous 
cor e records are even more sparae . Rampton ( 1971 ) has 
r ecovered a core from the Yukon terr itory of Canada that 
extends back to about 24 , 000 years B . P . , and Col inveaux 
has several long core records . Thia coverage needa to be 
drastically iaproved so that the climatic conditions 
dur ing the per iod 10 , 000 to 20 ,000 B . P .  can be properly 
evaluated . 

Every effort ahould be made to increase the number , 
accuracy , and precis ion of radiocarbon dates on Arctic 
peat sections and cores .  Several dates should be obtained 
at the same level in order to reduce the statistical 
uncer tainty in the laboratory age determinations . With 
better chronological control , sampling of cores and peata 
should be undertaken in such a way that the data are 
immediately available for time-ser ies analys is , which 
would mean that the dating should proceed pr ior to 
sampl ing for pollen . In many cases , however , the need 
for dating is determined by the pollen spectra .  

I f  the above needs can be 11et , we foresee within the 
next decade a ser ies of synoptic views of the Holocene 
climate based on polar palynological data processed 
through appropr iate transfer function equations . More 
information will be needed from USSR sources . 
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2 . 4 Per iglacial Peaturea aa Climatic Indicator s 

2 . 4 . 1  �rpbiC indicatora . Pingos are geomorphic 
indicator• of perennially frozen ground . They are 
conical ice-cored billa or mounda , round to oval in plan , 
20-400 m in di ... ter , and 10-70 m high , that foraed when 
large , aaaaive layers of ice grew near the aur face in 
permafrost . Pingoa are of two diatinct gener ic typea s 
the closed ayatea and the open system. Moat closed
syatea pingoa occur under Arctic climate conditione and a 
mean annual air temperature (MAAT) lower than -s•c .  
Open-ayatem pingoa are almoat entirely confined to 
s ub-Arctic cl imate conditione and a MAAT between o •c and 
-s•c ( Pew4 1983b,  Mackay 1978 ) . 

In areaa now subpolar , or even teaperate , polar 
conditione can be ahown to have exiated in the past by 
the preaence of pingo scars , which are microtopograph ic 
features formed when the pingo ice melts as permafrost 
d isappear s .  They indicate paat permafroat conditione and 
the mean annual temperatur e ,  depending on the type of 
pingo, i f  this can be determined . 

Ice wedgea are masaes of foliated ground ice that grow 
in thermal contraction cracks in permafrost.  Active 
cracking is to be expected , and wedgea continue to grow 
where the ground temperature at the top of the permafrost 
layer ia about -l5 °C or lower in winter ( P4w4 1966) . 
Most foliated ice masaes occur as wedge shape , vertical , 
or inclined dikea , 1 ca to 3 m wide and 1-10 m high . Ice 
wedgea grow only in permafroat and fora beat with a MAAT 
in the vicinity of -6°C and -7•c .  However , for purpose• 
of generalization , we will uae here the figure of -6 °C 
for an area where ice wedgea regularly form . It should 
be emphaahed that the growth of ice wedgea dependa not 
on MAAT but rather on the rate at which the temperatur e 
drops at the time of cracking (P4w' 1966 , 1983a, 
Lachenbruch 1966) . Ice wedges may be inactive or dormant 
and remain in permafrost even though the MAAT may be 
higher than -6 °C .  They will exist until the permafros t 
thaws . They are part of the three-dimensional polygonal 
network of ice that causes the formation of a microrelief 
pattern on the aur face called polygonal ground . These 
polygonal aur face patterna are widespread in polar areaa 
today . 

With the thawing of the permafroat and melting of the 
ice , apace formally occupied by ice wedges is replaced 
with aediment that falls into the opening , forming that 
which has been termed an • tee wedge cast . •  Ice wedge 
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casts are widespread in subpolar and temperate areas 
where polygonal networks of such casts are observable on 
the sur face , a relic from the Wisconsin ice age . The ice 
wedge cast and ice wedge polygons indicate the condition 
of past permafrost and that the MAAT was -6 •c or lower 
when they formed . 

A widespread land form in unglaciated polar areas that 
is indicative of past permafrost cons ists of cryoplanation 
terr aces (Reger 19751  Reger ' P6w' 1976) . These are 
large bedrock atepa or terraces on r idge , crests , and 
h illtops , the terraces poasesa at least one scarp and a 
• flat • sur face . The trend or • flat• area is 10 to 
several hundred meters wide and long and slopes from 1• 
to 1s• , parallel to the r idge crest . Terrace scarps are 
from 1 to 30 m high .  They form below the snowl ine and 
appear to require a mean annual air teaperature colder 
than -1o •c to -12•c . The mean summer temperature waa 
probably 2 •c to 6 •c (Reger ' P�' 1976 ) . 

Rock glacier s ,  tongue-shaped or lobate masses of 
unsor ted , angular , frost-r ived mater ial , with 
interstitial ice ( if active) and with steep lichen-free 
fronts 10-100 m high , are one of the moat spectacular 
per iglacial depos its but lt.ited in aer ial extent . 
Act ive rock glaciers occur below the snowline and exis t 
i n  areas of permafrost.  Therefore ,  they indicate that 
the MAAT at the time they existed was lower than o • c  
( P6w' 1983a , b) . 

2 . 4 . 2  StratigraphiC indicators .  In addition to the 
geoJDOrphic phenomena we have descr ibed , exposure of the 
under lying stratigraphy in some areas tells us someth ing 
about the past or present climate . For exaaple , in areas 
south of the permafrost border there are deep-lying 
relics of permafrost indicative of temperatures in the 
past with a MAAT colder than o •c .  Also there are the 
well-known frozen fossil carcasses of extinct animals , 
which indicate that the MAAT was less than o •c at the 
time of death , and that the climate has been that cold or 
colder until the present time .  If the climate had become 
warmer since the death of the animal , the carcass would 
have disintegrated as the permafrost thawed (P6w' 1975) . 

2 . 4 . 3  Geothermal indicator s .  Measurements of ground 
temperature as a function of depth indicate that 
permafrost is not necessar ily in equilibr ium with presen t 
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climate at the sites of Masureaents . In 8CIIIe areas , 
about 2 5  percent of the present permafrost is the product 
of an extinct climate , when it was colder than at presen t  
( Lachenbruch e t  al . 1966 , p .  158) . A study of 
teaperature profiles through deep permafrost near Bar row 
indicates that the .. an annual ground sur face teaperature 
has increased about 4 °C s ince the aid-nineteenth century , 
about half of this increase having occurred s ince 1930 . 
The mean annual surface temperature at Barrow 100 year s 
ago was about -12 •c , and with the recent warming , i t  is  
now about -9 •c . 

2 . 4 . 4  Geocheaical indicators .  A relatively new 
approach to the study of perennially frozen ground is a 
chemical investigation of ice and sedi .. nts associated 
with permafrost . Most of the work in th is field has 
evolved around the distr ibution of soluble salts and 
sodium, magnesium , calcium , and potassium in perennially 
frozen sediments as a reflection of past thermal and 
leaching regimes . If the soluble salt content of 
existing perennially frozen ground has been leached in 
the past , i t  indicates a foraer thaw of the now-perennial 
frozen ground , therefore ,  the MAAT aust have r isen to 
greater than o•c to perait this to occur . These event s  
can be dated by standard geologic stratigraphic 
techniques (Pew' 1975) . 

2 . 4 . 5  Cold climate features a semiqualitative 
temperature data . There are many microgeomorph ic 
features co111110n to polar areas that may or may not be 
associated with permafrost.  Repeated freezing and 
thawing of the ground throughout the year produce 
small-scale pattern ground , a feature of r igorous cl imate 
that does not necessar ily need underlying permafrost , 
thus a climate with a MAAT less than 0 °C .  Also 
soli fluction , the slow downslope movement of detr ita l  
debr is under th e  influence o f  gravity and wet conditions , 
is common in cold regions . Boulder or rock fields and 
other mass-movement features indicate r igorous climate 
but not necessar ily one where the MAAT is colder than 
o •c .  These teatures occur today in subpolar and 
temperate areas and are no longer active . They are 
indicators of the past and denote a colder per iod when 
perenn ially frozen ground was present (Pew' 1983a) . 
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2 . 4 . 6  Glacial constructional features as indicators 
o f  past climate .  Glacial deposits yield three types of 
pr imary data that give indirect information about 
paleoclimates : the areal distr ibution of glacier ice at 
a specific time in the past , the fluctuations of glacier 
termini through t ime ,  and the former equilibr ium l ine 
altitudes (BLAB )  of mountain glacier s .  All three types 
of data are difficult--if not imposs ible--to interpret in 
terms of specific climatic parameter s because they 
r epresent the complex dynamic reaction of glaciers to 
changes in mass balance , which in turn has a coaplex 
r elation to climate . Rather , the data g ive general 
trends and r elative magnitudes of climatic changes . 
Also , the data on glacier distr ibution , when analyzed on 
a global scale , afford the basis for reconstructing the 
areal and vertical extent of past ice sheets , ice caps , 
and mountain glaciers .  Such reconstructions are used as 
input to numer ical models that attempt to s t.ulate past 
condi tions of the atmosphere .  Because this aspect of 
glacial geology is so impor tant , its bas is is rev iewed in 
Tables 3 and 4 . 

2 . 5  Tree Rings 

The great boreal forests of the nor th circumpolar regions , 
populated mainly by evergreen coni fers but often inter
mixed with a var iety of hardy deciduous species , extend 
northward to fair ly well-defined Arctic tree lines in 
both North Amer ica and Euras ia . Relatively isolated 
stands of such trees are found also in more polar 
lati tudes , for example , in the Brooks Range in Alaska . 
These trees , l ike those in alpine areas at lower 
latitudes , add new growth each year only dur ing the short 
summer growing season and with a vigor that var ies from 
year to year depending pr imar ily on var iations of local 
air teaperatures , snow conditions , and insolation . The 
changes in growth are reflected in the varying widths and 
other character istics of the new wood added each year , 
evident in cores extracted from their trunks by increment 
bor ing tools to r eveal the sequence of annual growth_ • 
r ings over the l i fetime of each tree . · By a judicious . 
combination of measurements of such r ings from many trees 
of the same species in an area , in some cases including 
measurements on fallen dead wood that tends to be weli 
preserved in the dry polar cold , precisely dated 
tree-r ing indices extending back through several 
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'l'able 3 .  '1'ype and Validity of Data o...s for Daf1nift9 the Por•r Bxtent of 
Glacie u 

'1'ype of reature 

Moraine r idge 

'1'111 llb .. t. 

Chronologie Control 

Mdiooarbon dating . Only 
aa valid aa the baaic 
atratigraphic control . 
Alao, the rel iabil ity 
dependa cr itically on the 
type of .. udal being 
dated . WOOcJ ia beat .  
r.acuatrine depoaite and 
bulk llbell ..-plea 
coa.only give •ialeading 
agea . 

ftpdrochronology . Aa good 
aa the baaic date . 
Coa.only afford only 
l t..iting agea . 

Radiocarbon dating . Only 
aa valid aa the baaic 
atratigraphic control . 
Alec, the reliablity 
dependa cr itically on 
the type of .. ter ial being 
dated . WOOcJ ia beat . 
Lacuatr ine depoaite and 
bulk llbell a.-plea 
coa.only give •ial .. ding 
agea . 

'l'ep!rochronology . Aa good 
aa the baaic date . 
Coa.only afford only 
l t..itlng agea . 

Marginal channela U.ually very difficult to 
date . 

-..athering 
·-· 

varioua ... ther ing atudiea 
of landacapea , including 
weathering of bedrock and 
dr ift .  In � caaea , 
radiocarbon dat .. are und 
to data por tion• of young 
... thering sonea . In 
genera l ,  the chronologie 
control of ... thering sonea 
ia very poor .  
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.. liability 

Queationable , unle.. the 
internal charaoter iatica 
of the -aine can be atudied 
carefully to aacar tain that 
overr iding baa not occurred and 
that till ah .. ta are not atackec! 
in the -aine . Such f .. turea 
•ight auggeat that the �ra ine 
ia �lex and doea not 
repr-t the ter•inal poai Uon 
of the advance .. aueed to h-e 
produced the �nine . 'l'hla 
aituation ia coa.onplace in the 
elude Gr .. t Lak" region and 
baa led to nueeroua eaa.plea 
of •iainterpretetion of glacial 
hiatory . 

'l'hia ia -ly the beat type 
of date fro. which to recon
atruct for•r glacier .. rgina , 
perticularly U the phyaical 
character iatica and atratigrapby 
of the till ah .. ta are carefully 
atudied . 

Le .. t rel iable under �•t 
cir�tancea becauae the 
or igin of the channela ia 
-ly debatable . 

Weathering sonea have been 
widely .-pl0f8d to del ait 
late Wiaconain ice extent 
along the eaatern aeaboard 
of Canada . onleaa �rainaa 
are pr-t preciaely at the 
contact betv"n weathering 
sonea , the •thod ia auapec t .  
'l'h i a  ia becauae th e  ... ther il\9 
sonea could aa well reault fro. 
di ffer ing baaal ice condition• 
aa fro. di ffer ing expoaure 
intervala . 
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Table 3 .  (continued) 

Type of Feature Chronologie Control 

Change in Chronologie control 
aurface variable 

Diatr ibution of Radiocarbon dating 
r ad iocarbon datea , 
par t icularly thoae 
of •UIPlea that 
do not appear to 
have been over-
r idden by glacier 
ice. 

lllerged .. r ine Radiocarbon dating 
feature• 
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.. liabil ity 

Dependa on field area , detail 
of .. pping , and chronologie 
control of the mrphologic 
break . 

!bia .. thod haa been uaed 
widely in the Arct ic , 
-ly in the abaence o f  
atratigraphic control to 
dell8it late Wiaconain ice . 
Ca..only ,  the inference• 
drawn fro. accepting thea• 
datea at face value are later 
ahown to be incorrect . !be 
..-plea turn out to be ca.poaed 
of •ixed abella of different 
agea , rediatr ibuted dr i ftwood , 
or lacuatrine aedi .. nta 
conta.inated with old carbon 
fr- varioua aourcea . !bia 
.. thod ia of queationable 
reliability ,  par ticular ly when 
it ia rHl ised that available 
datea of thia nature oould be 
uiNd to elt.inate -t IIOr t:hern 
a .. iaphere late Wiaoonain ice 
abHta . 

The diatr ibution of ... rged 
.. r ine featurea ia widely uaed 
in the Arctic to poatulate the 
extent of late Wiaconain ice . 
The uae of th ia fHture depends 
cr itically on two factor • •  
dating control and interpreta
tion of reaponae of the Barth ' a 
cruat to glacial loading and 
unloading . In general , there 
are aer ioua queationa involved 
with both of theae factor a . 
until theae queationa can be 
resolved , ... rged .. r ine 
feature• should be uaed with 
caution to infer for .. r glacier 
extent . 
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Table 4 . Per iglacial r .. turea aa Indicator• of Paat Clt.atea 

!!UabiUtJ: 
Par-tara Cl t.atic Length of Inference• Dating 
Meaaund Inference• llllcord of Cl t.ate Dating Method• 

�rJi!!!ic Indicator• of Paat CU.Mtic !!JiM• 

Pingoa ( ice MAT* aid-triaoonain Pollen 14(: 
pnaent) to preaent 

ClOHd ayatea < -s•c Good Good Geolog ic 
PerMfroat atr atigrapbic 

preaent •thod• 
Open ayat• < o•c > -••c 

PerM froat 
preaent 

Pingo acar a Wiaconain Good Good Pollen Uc 
to preaent 

Cloud ayatea < -s•c Geolog ic 
PerMfroat atratigrapbic 

preaent •tbod• 
Open ayatea < o•c > -4•c 

PerMfroat 
preHnt 

Ice wedgea Wiaconain 
to preaent 

Active < -6-c Good Good Pruently 
PerM froat growing 

preaent 
Pollen 14c Doraent < o•c Good Good 

PerMfroat Geologic 
preaent atratigrapbic 

Mthoda 

Ice and aand < -6•c Barly Good Good Pollen 14c 
wedge caata PerMfroat Pleiatocene Geologic 
and polygon• preHnt to preaent atratigr apbi c  

< - pre- Mthoda 
Caabrian 
repor ted ) 
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Table 4 . (continued) 

..Uabili!X 
Par-tera CliMtic Length of Inference• 
M .. aured Infer-• Record of CliMte 

cryoplenation ltequ ired IIAA'l'* Illinoian Good 
terrace• at l .. at to �-t 

< -1o•c 
llean a-r 
tapenture 
+2-&•c 
PerMfroat 
�- t  

Rock glacien < o•c Wiaconain 
PerMfroat 
preaent 

Stratisrali!!!ic Indicator• of P .. t CliMtic condition. 

PerMfroat < o•c Wiaconain Good 
relic• 
(e:dat at 
depth) 

Pros en < o•c fra. •W-wiaconain Good 
carcaaaea tt. of to pr .. ent 

d .. th to 
preaen t 

GeotherMl Indicator • of PaleocliMtic Variation. 

GeotherMl 
profile of 
the ground 

IIAA'l' 
cllangea 

Laat 400 year• Good 

Geoch•ical Indicator• of P .. t Chg .. in CliMte 

Leacll ing of IIAA'l' 
aalta when < o•c 
frozen ground 
previoualy 
thawed 

Wiaconain Pair to 
good 

Cold C l iMte Peaturea--S•iqualitative !!!p!rature Data 

Patterned 
ground , 
boulder or 
rock field• 
and atr _ ,  
eolifluction 
depoaita 

Indicative Illinoian to 
of a r igoroua preaent 
cl iMte , but 
no definite 
teJ���erature 
figure• can 
be given 

All a.-pling interval• are diacrete eventa . 

�'1', -n annual air taperatur e .  
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Pair 

Dating 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Dating 
Method• 

Geologic 
atratigraphic 
•thod• 

Geologic 
atntigraphic 
•thod• 

14c, Geologic 
atratigraphic 
•thod• 

Uc 

Geologic 
atratigrar.ic 
•thod• , 4c 

uc 
Geologic 

atrat igraphic 
•thod• 

nuen c 
Geologic 

atratlgraphic 
•thode 
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centur ies can be developed for aa.e polar reg ions . 
Multivar iate statistical techniques can then be applied 
to these indices , using recent weather recorda for 
calibration , to extract information about the interannual 
var iations and longer-tera changes of temperature and 
precipitation in the Arctic . 
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Appendix C. 
The Polar Regions: A Concern for the Future 

c .  R. Bentley, R. G.  Barry, 
J . B .  Mercer , and T.  J . Hughes 

In any consideration of the evolution of present-day 
polar ice bodies and of their possible response to futur e 
clt.atic changes , it  is impor tant first to recognize that 
glacial systems are dynamic and behave in at least four 
fundamentally different ways . The first is �table steady 
state , wherein the system remains in the same state 
unless there is a change in so.e boundary condition . Por 
a small change (e .g . , a change in surface temperature)  
the response ( e .g . , change in marginal extent )  is 
approximately linear and reversible . Therefore , doubling 
the change in the boundary condition will double the 
response , and returning the boundary condition to its 
or iginal value will result in a return of the glacier to 
its or ig inal configuration . The response does not occur 
instantaneously; the time lag depends on the s ize of the 
glacier and can be many thousands of years for a large 
ice sheet . 

The second , cyclic steady state , involves inherent 
cycl ic processes whereby the extent of the ice changes in 
a per iodic or pseudoper iodic way due entirely to internal 
causes , without a change in the externally imposed 
boundary conditions . In th is case the state of the 
system is constantly chang ing , although the changes may 
be quite small most of the time .  Both instantaneously 
and averaged over an interval that is long compared with 
a typical cycl ic per iod ,  however , the system may be 
stable in the sense previously descr ibed . The pr imary 
example of such behavior is the phenomenon of glacial 
surging ,  known to occur i n  valley glaciers and recognized 
as at least a poss ibil ity in major ice sheets . (The 
effects of surges of the polar ice sheets on climate ar e 
reviewed in Appendix A. ) 
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In the third category of behavior , unstable steady 
s tate , the system can continue without change if boundary 
conditions do not change , but the response to an external 
change is irreversible , the system will then move toward 
a new steady state position and will not return to ita 
or iginal value . 

Tranaieney, the four th category ,  refers to a dynamic 
state that is currently changing , without any current 
change in boundary conditions , and generally represents a 
transition toward a new steady state--although in 
r eality ,  there is no guarantee that steady state behavior 
will ever be reached . 

Of course , real glacial systems are complex and may 
involve combinations of types of behavior . They may be 
s table with respect to aa.e boundary conditions and 
unstable with respect to other s .  Pur thermore , the 
boundary conditions theaselvea may be dependent on the 
system response , for exa.ple , change in surface elevat ion 
of an ice sheet can change the sur face teaperature and 
mass balance . 

A further complication and possible source of 
confusion ar ises from the consideration of numer ical 
model ing calculations in the course of which the i�sed 
boundary conditions are changed . It may be possible to 
change the behavior of the numer ical model from, say ,  
stable steady state to cyclic steady state (e .g . , 
surging )  by a par ticular change in boundary conditions , 
but it does not follow that the surging behavior is 
caused by the change in boundary conditions , s ince 
cycl ing can continue without further externally imposed 
change . The numer ical s ituation is analogous to 
transforming an individual , real , nonaurging glacier to 
surging behavior , a transformation that has not yet been 
observed in nature . However , at least one example of the 
reverse transition from surging to nonaurging behavior is 
on record--the Vernagtferner in the Austr ian Alps (Kruaa 
' Smith 1982 ) . 

I t  is iapor tant to keep these bas ic distinctions in 
mind , particularly with respect to cyclic steady state 
and unstable steady state . The word •surge , •  commonly 
used in conjunction with or to descr ibe a cyclic steady 
s tate of glacier s , has recently also been used to include 
the response of an ice sheet to a push from a position of 
unstable steady state . This use is unfortunate , 
par ticularly in a discuss ion of interaction with cl imate , 
because cyclic steady state changes proceed , to the 
extent that the whole cycl ic process is stable , withou t 
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or even despite changes in the enviro�nt , whereas 
d isplacement from unstable steady state occurs only 
because of changes in the environment . Because the 
aechanisaa of cycling and unstable response may overlap 
in some cases , it is especially t.portant to keep the 
terminology straight.  Sere , we will use •surge • for 
cyclic changes only . 

The problea of long-term evolution of Arctic and 
Antarctic ice bodies and their possible responses to 
future climatic trends can (and should) be attacked in 
two quite different waya a by examining the empir ical 
evidence of conditions dur ing past cl imatic epochs,  and 
by theoretical analyses of the interactions among 
atmosphere ,  ice , and ocean . 

Several aspects of climatic change will be cons idered 
here . The moat obvious are those relating directly to 
the atmosphere ,  such as air temperature , precipitation 
rates , and cloudiness . Equally or even more important 
for some mechanisms are the oceanic aspecta a water 
temperature , currents , and sea level . Th ird , there ar e 
those aspects related to the cryoaphere ,  especially the 
extent and th ickness of the sea-ice cover , which may 
interact directly with the margins of the more permanent 
ice . 

We will lcok fir st at specific response mechanisms and 
then consider the evidence for past and present changes 
and the expectations for the future.  The discussions of 
sea-ice cover and grounded ice sheets , which must be 
separated because of quite different mechanisms and time 
scales , are presented in parallel . 

1 .  RESPONSE MBCBANISMS 

1 . 1 Sea-Ice Cover 

Moat model studies of ice-ocean-atmosphere interaction 
have been concerned with the response of the atmosphere 
to changes in the extent of the ice cover . The problem 
of initial interest here , however , is the converse 
question : how does the sea ice respond to different 
atmospher ic and oceanic conditions? Br iefly , the answer 
is that the response could be dramatic but that we really 
do not yet know .  Por example , two simpl ified models of 
the Arctic sea ice suggest that 5 years after a 5 °C 
warming a steady state would be reached in which the 
Arctic Ocean is ice-free in the summer ,  with the ice 
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r eforming each winter , whereas other models of the same 
warming point to a continuation of peraanent , year-round 
ice cover . However , the geological record of sediments 
suggests that a .ore or leas permanent sea-ice cover 
existed throuvhout the globally warm interglacial period 
of the Pleistocene (Clark 1983 ) . 

The actual aechanisas involved in the interaction 
include the energy transfer among at.oaphere , ice , and 
ocean, the effects of winds and currents , and the impact 
of melting and freez ing of the ice and of freshwater 
r unoff from land on the sal inity and temperature 
structure of the ocean . An ice cover insulates th e  
atmosphere from the ocean , although there are still large 
net transfers to the air through open leads that form due 
to ice motion and through young ice . The ice and ita 
overlying snow cover reflect about 80 percent of incoming 
r adiation in the autumn and spr ing until snowaelt ,  puddle 
formation , and ice breakup begin to modify the sur face 
energy budget in June-July ( in the Arctic) by a threefold 
to fourfold increase in the absorbed solar radiation . 
Data on such fund ... ntal features as snow depth on the 
ice or the spatial extent of melt ponds and open-water 
areas in the Arctic Ocean are l imited (Barry 1983 ) . In 
Antarctica there is very little melt of the snow on the 
sea ice , but the summer disappearance of the ice is  
rapid . The possible contr ibution of ocean heat flux and 
of wind and wave effects on ice melt requires additional 
study. The melt process greatly modifies the summer 
clt.ate in the Arctic , leading to h igh average cloudiness . 
A major outlet for Arctic ice ia the Bast Greenland 
Current system, which may remove annually the equivalent 
of a 60-ca layer of ice from the Arctic Ocean (Maykut 
1982) . 

It  is not poss ible to isolate the dynamic and 
thermodynamic effects of the at.osphere on sea ice , or 
v ice versa (Allison 1982 ) . Ice responses to the 
atmosphere are comparable to at.ospher ic responses to ice 
extent dur ing the ice-growth season in the Arctic , with 
lags of several months in each case . Thus , short-term 
(weekly or .onthly) ice anomalies can be attr ibuted to 

wind and at.oapher ic temperature effects , but there ar e 
also indications that more extensive ice increases the 
frequency of cyclone formation , at least regionally . 
Longer-term changes in ice extent may involve changes in 
ocean heat transport ,  but data are not yet sufficient for 
reliable tests of this possibility .  
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Given a sustained reduction in ice extent , through 
natural var iation or externally induced (for exaaple , by 
C02 waraing effects or the proposed divers ion of par t  
of the flow o f  Siber ian r iver s that now enter the Arctic 
Ocean ) , substantial modifications of the circulation and 
climate may be expected in high and middle latitudes . 
Preliminary modeling exper iments indicate that cyclone 
tracks would shift northward , perhaps reducing 
precipitation in Europe . The intensity of the subpolar , 
low-pressure centers and large-ecale poleward energy 
transports by the at.osphere might also be reduced , 
although ocean responses to such changes have not yet 
been taken into account . 

1 . 2  Snow Cover 

Only s ince the mid-1960s has information been available 
on extent of snow cover and its var iability on a global 
scale . Relationsh ips between amounts of snowfall and 
winter temperature anomalies have been little explored . 
Milder winter months tend to be more snowy in some areas 
of the Sub-Arctic , yet an extensive snow cover is usually 
produced by cyclonic precipitation in a large-ecale 
outbreak of polar air . Duration of snow cover is  
pr imar ily determined by spr ing and summer temperatures . 
The melt per iod lasts only about 10 days on the Arctic 
tundra ,  but from 3 to 4 weeks on the Arctic pack ice , 
wher e air temperatures cannot r ise significantly above 
o •c .  

There are two pr incipal cl imatic effects o f  a snow 
cover (Kukla 1981 ) . The high reflectivity of snow cover 
for solar radiation ( 80-90 percent for new snow , 60 
percent for old , melting snow) and its low thermal 
conductivity ,  isolating the underlying sur face , cause 
temperatures to be low over snow cover . Snow exerts a 
local cooling effect on air crossing it ,  and an extensive 
snow cover modifies the atmospher ic circulat ion by 
establ ishing or reinforcing an upper trough pattern in 
the westerly wind circulation . Th is pattern tends to 
s teer cyclone paths and displace the zones of 
cyclogenesis equatorward , par ticularly in the colder 
seasons . Bence , there are co�lex feedbacks between the 
atmosphere and a snow cover J little analytical or 
model ing wor k on such interact ions has yet been carr ied 
out . The only modeling study of these effects is 
descr ibed by Williams ( 1975)  for an equil ibr ium general 
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circulation model experiment . Any overall warming 
trends , due to C02 , at.ospher ic aerosols , or other 
factors ,  will be l ikely to lengthen the snow-free season 
and thereby substantially modify the surface energy and 
.aisture budgets , especially over land. 

1 . 3  Ice Sheets and Glacier s 

I n  consider ing the response of glaciers and ice sheets to 
climatic change , one aust first define the �errestr ial 
ice bodies ( including Arctic glaciers and large parts of 
the Greenland and Bast Antarctic Ice Sheets ) , which rest 
on a substrate close to or above sea level , and mar ine 
ice sheets (pr incipally the major par t of the West 
Antarctic Ice Sheet) , which are ice grounded below sea 
level , and the floating ice shelves . The distinction 
between terrestr ial and aar ine ice sheets is sa.ewhat 
diffuse . Both Greenland and Bast Antarctica also have 
large areas of deep bedrock , whereas West Antarctica 
features two extensive regions of elevated bedrock . 
However , the distinction is aade because fully terrestr ial 
ice bodies only interact directly with the at.osphere ,  so 
probably change their form and extent rather slowly in 
response to climatic changes , whereas mar ine ice sheets 
also interact directly with the ocean and therefore aay 
be sensitive to ,  and capable of rapid response to , 
changes in sea level , ocean temperature,  and sea-ice 
cover . The significance of this distinction is a matter 
of vigorous debate .-ong glaciologists , nevertheless ,  i t  
must be understood ,  for it is fund ... ntal to arguaents 
that propose the possibility of catastrophic instabili ty .  

I n  the following sections we will , therefore , first 
consider terrestr ial ice sheets , ignor ing saaller ice 
caps and glaciers that can have only a minor effect on 
world climate , and then aar ine ice sheets , compr ising the 
grounded inland ice and the adjoining ice shelves . 

1 . 3 . 1  �rrestr ial ice sheets. The term • ice sheet• 
implies ice flow from a high central region . In a ser ies 
of papers ,  Weertman (1976 , and references therein) first 
showed that an idealized , two-dimensional ice sheet 
resting on uniform rock above sea level is in stable 
steady state , if the position of the snowl ine , which 
d ivides the inter ior zone of net mass gain from the 
per ipheral zone ( i f  any) in which melting predominates , 

-82-

Copyright © National Academy of Sciences. All rights reserved.

The Polar Regions and Climatic Change:  Appendix
http://www.nap.edu/catalog.php?record_id=19386

http://www.nap.edu/catalog.php?record_id=19386


depends pr iaar ily on the distance fro. the center of the 
ice sheet , but that the ice sheet is unstable if the 
position of the snowline depends pr iaar ily on elevation 
above the ice-sheet aargin. Be then developed a model 
that incorporated both possibilities and exaained the 
effect of changing the sur face aass balance , the extent 
of a basal meltwater layer , and the strength of the solar 
r adiation on the size and rates of growth or decay of 
terrestr ial ice sheets . A co.-on feature of his and 
s U.ilar models is that very large snow accuaulation ratea 
would have been needed to produce growth rate• of the 
Pleistocene ice sheets that correspond with the rates of 
sea-level lower ing indicated by studies of seafloor 
sediments , and that unreasonably large melt rates would 
have been required to explain the rapid retreat of the 
Laurentide Ice Sheet.  This last point has suggested to 
one group of glaciologists that much more rapidly 
reacting aar ine ice sheets , particularly in and around 
Hudson Bay , played a crucial role in ice-sheet growth and 
retreat (Denton & Hughes 1981) . 

Quite a different point of view is held by another 
g roup. Using a • fr ictional lubr ication model• for basal 
sl iding that includes the important factor of waraing and 
melting of the ice by inter nal fr iction , par ticularly at 
and near the glac ial bed ,  they find that rapid flow can 
occur naturally in any ice sheet (Budd & Jenssen 1975 ) , 
that large ice sheets can exhibit cyclic surge behavior , 
and that the growth and decay h istory of the Laurentide 
Ice Sheet in response to var iations in the earth ' s  
orbital parameter s can be s imulated without recourse to 
mar ine ice sheets or anomalously large melt rates (Budd & 
Saith 1979) . 

1 . 3 . 2  Mar ine ice sheets . The par ticular impor tance 
of mar ine ice sheets is suggested by a theoretical 
analysis showing that a s imple two-dimensional model ice 
sheet resting on an initially flat bed below sea level 
would be inherently unstable (Weertman 1974 ) . Depending 
on whether the depth of the bed below sea level was mor e 
or less than a cer tain cr itical value (on the order of 
200 m) , the ice sheet would either shr ink until it 
disappeared ,  or grow until its edges reached deep water . 
The reason is that for a deep enough bed , the marg inal 
portions of the ice sheet would tend to float , with a 
consequent flattening out and spreading over the water . 
This occurrence would increase the sur face slope 
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upstreaa, accelerating the flow of the ice , with 
consequent continued th inning and retreat of the 
•grounding l ine• that separates the floating and grounded 
portions of the ice sheet . 

Th is idealized mar ine ice sheet can be stable if the 
bed slopes downward away from the center of the ice sheet , 
but i f  the bed slopes the other way , the instability is 
accentuated . It has also been argued that restraints on 
an ice-shelf portion might produce stability ,  particularly 
if the movement of the ice shelf is constrained by 
lateral boundar ies , or pinned by islands and shoals . 

The dependence of growth or shr inkage on the depth o f  
the bed below sea level i s  o f  cr itical importance , since , 
if th is model is even qualitatively correct , it provides 
a mode of direct response of a mar ine ice sheet to 
externally imposed sea-level changes . Such changes could 
be of par ticular impor tance i f  there were a relatively 
shallow s ill or shoal near the margin of an extended 
mar ine ice sheet . In that case , if sea level should r ise 
sufficiently to produce a bed depth exceeding the 
cr itical one on the sill , unstable retreat of the ice 
sheet would then follow as the grounding l ine moved back 
into regions of deeper water beh ind the sill . Such 
shoals , currently found along the edge of the continenta l 
shelf in the Ross Sea , may have marked one margin of the 
late Pleistocene West Antarctic Ice Sheet . 

I f ,  instead of a s imple two-dimensional ice sheet , one 
consider s a three-dimensional model , then ice streams 
( fast-flowing •glaciers•  within ice sheets) should be 
included , because their very high activity compared to 
the relatively sluggish sheet flow elsewhere makes it 
likely that they will play an impor tant role in any 
r esponse of the ice . Ice streams occur in terrestr ial as 
well as mar ine ice sheets , and some progress has been 
made in model ing an ice stream as an individual unit.  
However , attempts to model the dynamics of ice sheets 
that include ice streams are j ust beginning . Ultimately , 
an adequate model must relate movement of the ice-sheet 
grounding l ine , particular ly in the ice streams , to such 
factor s as downdraw of the ice-stream drainage bas ins , 
behavior of any fr inging ice shelves , rates of growth or 
shr inkage of other ice sheets , processes of subglacial 
deposition and erosion (par ticularly at the grounding 
line ) , and response of the ear th ' s  mantle to crustal 
loads . 

One of the three-dimensional model studies that have 
been made of the retreat of mar ine ice sheets in respon s e  
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to r ise in sea level at the beginning of the Holocene 
supports the suggestion that a aar ine ice sheet depends 
for its existence on the presence of the ice shelves that 
surround i t .  The vulnerability of aar ine ice sheets to 
cliaatic warming would then depend on the vulnerability 
of their ice shelves . If  so , and i f  r ising temperatures , 
especially of the surrounding ocean water , were to lead 
to the disappearance of the ice shelves , then rapid 
shr inkage of the mar ine ice sheet would follow. However , 
in another three-dimensional model s imulation (Budd ' 
Smith 1982) , the r ise in sea level made the ice sheet 
retreat gradually to the h igh ground of West Antarctica 
without any dramatic intervention by the (parameter ized) 
ice shelves . Moreover , there are widely divergent 
opinions on the speed with which such ice shelves as 
those of the West Antarctic would respond to temperature 
changea J the presence or absence of sea-ice cover could 
also be a factor in speed of r esponse . 

I t  is important to make clear that the theoretical 
aodels of mar ine ice sheets discussed in this section 
include inherent instability as a feature of the model , 
so that they cannot be used to prove , or even teat , the 
basic concept . The same is true of the fr ictional 
lubr ication model ( see Section 1 . 2 . l ) J it includes an 
inherent instability stemming from the regenerative 
fr iction-lubr ication feedback . 

That the deglaciation of a mar ine ice sheet can 
proceed r apidly is suggested by one reconstruction of the 
•gutting • of the remnant of the Nor th Amer ican Laurentide 
Ice Sheet that depicts its central portion , grounded 
below sea level in Hudson Bay , as disappear ing in no mor e 
than about 200 years .  The analogy cannot be pushed too 
far , however , because of fundamental differences between 
the late-glacial Hudson Bay ice and the present west 
Antarctic Ice Sheet . 

2 .  EVIDENCE POR PAST CBANGBS 

The record of the interplay of past changes in the extent 
of sea ice , the volume of land ice , and climate , offers 
possible analogs of future events . The most l ikely 
outcome of human activities is cl imatic warming (as 
discussed in Appendix A) so that the state of the 
cryoaphere dur ing past intervals that were warmer than 
the present is of particular interest . (The techniques 
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for reconstructing the clt.atic history of the polar 
r egions are explained in Appendix B. ) 

2 . 1  Sea Ice 

B�ir ical evidence of sea-ice extent dur ing the 
Pleistocene and Holocene epochs , reviewed by Barry ( in 
press) , is lt.ited because aedi .. ntological indicators of 
ice cover and the nature of their seasonal response are 
not reliably established . The difference between 
terrestr ial debr is rafted by ice floes or by icebergs i s  
also uncertain , and planktonic mar ine organi ... froa 
ocean corea provide only a broad indication of ice extent . 

If  we allow for those and other uncertainties , 
however , we can infer a limit of icebergs at about 50°N 
in the North Atlantic at  the last Glacial Maximum 18 , 000  
years ago. The aedi .. ntary record in  the Arctic Ocean 
indicates the general presence of a sea-ice cover , 
similar to the present one , for at least the last 700 , 0 0 0  
years ,  although glacial/interglacial r eg i  .. a dur ing this 
interval aay have included alterations between peraanent 
pack-ice cover and a seasonally partially ice-free ocean . 

For Antarctica , the sedimentary and aar ine isotopic 
r ecorda indicate that the Rosa Ice Shelf , and presumably 
a seasonal sea-ice cover , for .. d in the Late Miocene 
( about 15 million years ago) , but with subsequent warm 

and cold intervale (Frakes 1978 ) . The sedimentary recor d 
further suggests that dur ing the last glaciation (between 
about 100 , 000 and 15 , 000 year s ago) the sea ice in spr ing 
extended substantially farther north than at present 
(Burckle et al . 1982 ) . 

2 . 2  Snow Cover 

There is little evidence specifically on snow cover 
dur ing the Pleistocene and Holocene ,  except as it relate s 
to changes in the altitude of the peraanent snowline and 
the extents of ice sheets and other glaciers .  Snowl inea 
in  aany areas were lowered gener ally between 600 and 900 
m dur ing the last Glacial Maximum some 18 , 000 years ago , 
when summer temperatures over the northern continents 
fell by at least 5°C .  Dur ing the eo-called Little Ice 
Age , from the seventeenth to nineteenth centur ies , 
snowline• in Europe and other alpine areas were some 
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100-200 m lower than today , representing about 15 percent 
of the full glacial depression (Porter 1981) . 

Histor ical snow-cover recorda for Great Br itain over 
the last 300 years show that the duration of snow on the 
ground was at a minimua in the 1920s and 1930s , cor
r esponding to the per iod of highest t.-peraturea . 
However , recorda at several stations in Europe s ince the 
1890s show that there are regional var iations in the 
tiaing of the decades when maximum and minimum durations 
of snow cover occur . Pur ther compilation of available 
histor ical recorda would help to shed light on the apace 
and time scales of snow-cover var iability (Barry , in 
press ) . 

2 . 3  Ice Sheets 

Analyses of stable-isotope ratios of microfossils in 
deep-sea corea have been interpreted in terms of global 
ice volume on land . A8 discussed in Appendix B ,  they 
show that a large ice sheet , inferred to have been the 
land-based East Antarctic Ice Sheet , accumulated between 
about 15 . 3  and 13 . 3  million years ago and has remained in 
place ever since . Probably the stage was set for the 
formation of this ice sheet by the thermal isolation o f  
Antarctica that followed the opening of Drake Passage and 
the resultant inception of the circum-Antarctic Current 
at some time dur ing the Ear ly Miocene , which must have 
greatly reduced the flow of warm ocean water to the 
marg ine of the Antarctic continent . 

The history of the West Antarctic Ice Sheet , however , 
may have been very different . It must have formed by 
some combination of thickening sea ice and coalescence 
and thickening of initial ice shelves growing out from 
glaciers in the mountainous reg ions of Mar ie Byrd and 
Ellswor th Landa , and from the Ellswor th and Transantarctic 
Mountains , acrose the aea that lay between . Because the 
ice shelves had to grow at sea level , the ice sheet 
presumably could not have formed until summer temperatures 
were close to freezing at aea level , so it may have 
formed substantially later than the East Antarctic Ice 
Sheet. Conversely , dur ing a time of r is ing temperatures 
it might have started to shr ink when the cliaate at its 
margine became too warm for cold ice at sea level (summer 
temperatures perhaps about 5°C above today ' s) , and , s ince 
i t  might have been able to respond much more quickly and 
more profoundly to a short interval of unfavorable 
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climate than could the terrestr ial Bast Antarctic Ice 
Sheet , it aay have been te�rar ily absent dur ing 
exceptionally wara intervals after ita initial formation . 

The Greenland Ice Sheet , l ike the Bast Antarctic Ice 
Sheet , ia aainly land baaed . Although aaaller than the 
West Antarctic Ice Sheet , ita aelting would produce about 
the aaae r ise in sea level because virtually none of i t  
i a  displacing ocean water . Little ia known about the 
past history of the Greenland Ice Sheet , neither when i t  
f irst foraed , nor the extent of ita depletion dur ing 
subsequent warm intervals . Dur ing the present inter
glacial , deglaciation has been moat extensive in the 
southwest part ,  where the ice marg in receded about 100 km 
dur ing the Bypaitheraal Interval after 9500 B . P .  Since 
4800 B . P .  the ice aargin has oscillated with in a few 
k ilometers of ita present pos ition (Ten Br ink ' W. idick 
1974 ) . This modest loaa of volume of the cl imatically 
moat vulnerable part of the Greenland Ice Sheet dur ing 
the warmest part of the present interglacial suggests 
that the ice sheet ia unlikely to have been ser iously 
depleted dur ing any previous warmer interglacial , unles s 
the warmth was very prolonged . 

Pro. the foregoing ao .. glaciologists conclude that 
under a climate moderately warmer than that of today , the 
Bast Antarctic Ice Sheet would remain virtually 
unaffected . The West Antarctic Ice Sheet also would be 
unaffected until waraing exceeded a cr itical level , above 
which it would be vulnerable to a relatively rapid 
reduction in extent . The Greenland Ice Sheet would 
undergo slow depletion , ita extent depending on the 
duration of warmth . 

On the other hand , calculations us ing the fr ictional 
lubr ication model suggest that the response of the bulk 
of Bast Antarctic and Greenland ice may be more dynaaic 
and that , especially in Greenland , melting could have 
contr ibuted equally or even predominantly to past r ises 
in sea level . One potential basis for a j udgaent on 
these views is better knowledge of the cl imatic record of 
the last interglacial that ended about 100 , 000 B . P . , 
deduced from biological indicators and from inferred 
changes in ice volu.e . That interglacial appears to have 
been the only occasion dur ing the last three fourths of a 
mill ion years or ao when sea level was higher than it  i s  
today , suggesting a lesser global ice volume on land . 

-88-

Copyright © National Academy of Sciences. All rights reserved.

The Polar Regions and Climatic Change:  Appendix
http://www.nap.edu/catalog.php?record_id=19386

http://www.nap.edu/catalog.php?record_id=19386


2 . 4 Cliaate of the Last Interglacia l 

2 . 4 . 1  Evidence fro. biological changes . The last 
interglacial began about 125 , 000 years ago and lasted no 
more than about 15 , 000 years ,  perhaps considerably leas . 
Coaplete stratigraphic recorda are preserved in aoae 
ocean cores , possibly in the ice of Bast Antarctica 
(although this baa not yet been demonstrated) ,  and in 
some terrestr ial accumulations of peat and lake sediments . 
Ocean corea provide inforaation on ocean paleotemperatures 
and on the voluae of terrestr ially stored ice . POasil 
coral reefs , especially on upl ifted coasts , provide 
inforaation about paleo-sea levels , which give an 
independent check on the infer red ice-volume signal from 
ocean corea r furthermore , suitable coral apeci .. na are 
amenable to radiometr ic dating techniques , which form the 
basis for the estiaated age of the last interglacial . A 
few terrestr ial deposits containing proxy paleocliaatic 
data are believed to cover the entire interglacial , but 
suitable dating techniques are hard to apply to deposits 
of their age and co.poa ition . 

Because of predictions that future climatic warming in 
r esponse to C02 increases will be greater at the poles 
than at the equator , information about past latitudinal 
differences in temperature trends is of interest .  What 
l ittle is known about the cliaate of the last interglacial 
in tropical areas suggests that the climate then was 
s imilar to today ' • · POr exaaple , in the Car ibbean , 
sur face water temperatures at the maximum of the inter 
glacial probably were little h igher than at present . 
Most studies of terrestr ial deposits dur ing the last 
interglacial age have been done in middle latitudes of 
the Nor thern Hemisphere , where they generally show that 
the interglacial summers were somewhat warmer than they 
are todaya by 2-3 •c in Western Europe and at least 3 ° C  
i n  southern Ontar io . Inforaation from the Arctic is 
consistent with a poleward aagnification of temperatur e 
changes , but the data are too scant and ambiguous to 
confirm it . The temperatures reached in the Northern 
Hemisphere dur ing the warmest part of the last 
interglacial seem to have been somewhat less than models 
suggest would follow a doubling of C02 levels ( see 
Section 4 ) . 

Evidence about cliaatic conditions in Antarctica 
dur ing the last interglacial is both direct and 
indirect . The sole direct evidence comes from Taylor 
Valley , Victor ia Land ( latitude 78 °S) , where algal 
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liaestones were deposited in enlarged lakes between 
130 , 000 and 90 , 000 years ago (according to 234u;230rh 
dating) (Hendy et al . 1979) . The enlarged lakes are 
believed to t.ply greater warmth than today , but no 
estimate has been made of the actual teaperature 
reached . Indirect evidence coaes fr011 changes in ocean 
volume and wor ld sea level dur ing the last interglacial . 

2 . 4 . 2  Evidence fr011 changes in sea level and ice 
volu.e . Two independent l ines of evidence point to great 
ocean volume--and thus , by iaplication , to smaller 
ice-sheet volume--dur ing the last interglacial z raised 
strandlines and low oxygen isotopic ratios of benthic 
foraainifera . Raised strandlines at elevations of 5 ± 3 
m on coasts thought to be more or less stable (e . g . , 
Bahamas and Australia) suggest greater ocean voluae at 
the time they were formed , but they are not COIIpletely 
conclusive evidence because other mechanisms , such as 
changes in the ocean bed of the geoid , can be invoked . 
Oxygen isotopic co.position of £ormaainifera in ocean 
cores and of molluscs and corals fr011 the strandline 
deposits , however , also suggest that less glacier ice 
and , therefore , more ocean water by a few aeters of sea 
level was present dur ing the height of the last inter
glacial than today . The additional water was about wha t  
would have been added by the aelting o f  either the entire 
West Antarctic or Greenland Ice Sheets , or by contr ibu
t ions from all the ice sheets . 

I f  the West Antarctic Ice Sheet was absent for a few 
thousand years dur ing the warmest part of the last 
interglacial , the most l ikely reason is that Antarctic 
temperatures , especially of the near-sur face ocean , had 
r isen too high for its survival on the low-level bedrock 
between the Ellsworth and Mar ie Byrd Land mountains . The 
poss ibility of a aajor surge of the Antarctic Ice Sheet 
has also been suggested , (Bollin 1980 ) , although that 
would require either a fortuitous coincidence or a causa l 
l ink between a cyclic phenomenon with the theraal maxiaua 
of the interglacial . 

3 • NA'l'ORAL CHANGES 

3 . 1  Sea Ice 

The seasonal and extreme extents of sea ice in both 
hemispheres are shown in Figures 1 and 2 .  In the Souther n 
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I}Averat• max . 
Seasonal Ice 
Averat• m i n .  

- Abaolute m i n .  

Figure 1 .  Northern Hemisphere seasonal sea-ice zone 
( froa Barry 1980 ) . 

Hemisphere , at the seasonal maximum in September , the sea 
ice extends over 20 x 106 km2 , or 8 percent of the 
hemisphere . However , adj usted for the actual area fully 
covered by ice , the figure is 15 x 106 km2 ( Zwally et al . 
1983 ) . At the minimum extent in March , the ice affects 
2 . 5  x 106 km2 , giving a seasonal r ange of 8 (or 6 ) t l . In 
contrast , the season�l r�nge in the Nor thern Hemispher e 
is only 2t l  (14 x 10 km and 7 x 10 6 km2) (Walsh ' 
Johnson 1979) . The pattern of seasonal expansion and 
contraction is fairly regular around Antarctica , where 
there is an open ocean , but in the Nor thern Hemisphere 
the distr ibution of land causes mar ked longitudinal 
aa�tr iea in the seasonal sea-ice zones . Por example , 
in late winter there is ice to the south of 50 °N in the 
Sea of Okhotsk and the Labrador Sea , whereas open water 
occur s north of 75 °N in the Norweg ian-Barents sea . 
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Pigure 2 .  SOuthern Hemisphere seasonal sea-ice zone . 
Ice l imits for 1971-1976 . (Prom Barry 1980 . )  

Annual anomalies in ice extent are known to occur on a 
r egional scale , with substantial antiphase behavior 
between different aectora 1  that is , more extensive ice i n  
the Alaskan sector is frequently associated with leas ice 
in the Baffin Bay-Greenland Sea sector , and vice versa . 
There is s imilar antiphase behavior between the Rosa Sea 
and Weddell Sea ice in Antarctica . Longer (decadal ) 
trends occur in total Arctic ice extent . There was an 
increase in mean ice area in the late 1960s and early 
1970s compared , for example , with the late 1950s or late 
1970s . These trends show a broad similar ity with 
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hemispher ic t.-perature fluctuations , although regiona l 
ice anoaaliea are pr iaar ily determined by ano.aloua 
ataospher ic circulation patterns . Inforaation for 
Antarctica is leas certain due to the limited number of 
sectors where ice conditions were regularly observed . 

Representative ice thicknesses in the Arctic are 
poor ly known because of the mixture of first-year and 
multiyear floes , areas of open water , and pressure 
r idges . The .. an thickness ranges generally from about 2 
m on the Siber ian a ide of the bas in to from 4 to 6 m off 
the Canadian Arctic Arch ipelago , where pressure-r idging 
is moat common and intensive (Bibler 1981) . Even leas is 
known abut the thickness of Antarctic sea ice , but , s ince 
most of the ice is less than 1 year old , the mean 
thickness is surely leas than 2 m. Submar ine sonar 
measurements and satellite microwave radiometry mapping 
of the age structure of the pack ice should eventually 
provide such data , but at the present time we are unable 
to determine rel iably whether there are trends in net ice 
production and mean equil ibr ium th ickness . 

3 . 2  Snow Cover 

Por the winter months in the Northern Hemisphere ,  snow 
cover on land is very much a mid-latitude phenomenon 
( Figure 3 ) . Satellite data r eveal that at i ts maximum , 
snow covers about 60 x 106 km2 ( 24 percent ) of the 
Nor thern Hemisphere ,  but there is interannual var iability ,  
par ticularly over Eurasia (Matson ' Wiesnet 1981) . 
Interannual var iability in the location of the snow 
boundary over Eurasia is largest in the transition 
seasons . 

The shor t record length has r estr icted analytical 
studies of the interaction between snow cover and 
climate . However , recent analyses of North Amer ican 
records shows that snow cover contr ibutes some 10-2 0 
percent of the var iance of the concurrent monthly 
temperature in a broad belt across the United States 
centered around the snow margin (Walsh et al . 1982 ) .  
Anomal ies of North Amer ican snow extent modify the 
a tmospher ic long-wave structure over about one th ird of 
the hemisphere ,  a fact that illustrates the complexity of 
the interaction process . 
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F igure 3 .  WOrld snow cover showing duration i n  months . 
The saall montane areas depicted in the southern 
continents have annual snow covers of varying duration . 
The stippled areas are ice sheets with snow cover . 
Snow-covered sea ice is oaitted (modi fied after Rikter , 
from a aap publ ished by Environment Canada , Inland water s 
D irectorate ) . 

3 . 3  Ice Sheets 

3 . 3 . 1  Greenland . It is still not known whether the 
total aass of the Greenland Ice Sheet is increasing , 
decreasing , or unchanging . Although the aass input in 
the fora of snow accumulation on the surface is fairly 
well .. asured , the rate of ice loss is uncertain .  
Iceberg discharge i s  reliably known only for west coas t 
outlet glaciers and even there only for the sum.er . 
LANDSAT iaagery of the Jacobshavn Glacier , which account s  
for 40  percent o f  the discharge froa these outlet 
glaciers , suggests that discharge is considerably reduced 
dur ing the winter months . Su.mer meltwater discharged 
beneath the glaciers is substantial but unmeasured . I t  
i s  quite possible that the Greenland Ice Sheet is 
presently growing in the west and shr ink ing in the eas t 
(Malzer ' Seckel 1976) . However , the average rate of 

growth or shr inkage , if  any , is very unlikely to exceed 
0 . 01 percent of the total ice mass per year r dramatic 
changes from natural causes do not appear to be occur r ing .  
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3 . 3 . 2  Bast Antarctica . Studies of the aase balance 
of the Bast Antarctic Ice Sheet suggest a mass increase 
over moat of the inter ior regions of an amount that 
corresponds to about a 1 1111 yr -1 drop in world 
s ea-level change , yet actual sea-level measurements show 
a r ise of about that amount . The coastal regions have 
much h igher snow input and output rates (per unit area) 
than the inter ior , eo that , despite a lesser areal 
extent , they could easily be undergoing a net loss twice 
as large as the inter ior gain . Evidence for dramatic 
rates of sur face lower ing , as large as 1 m yr -1, has 
been reported in certain coastal areas , yet in one of 
these same areas , as in several others ,  the measured mas s 
balance is strongly pos itive , wh ich should mean sur face 
buildup. These results suggest inter ior buildup after a 
s urge , although , of course , their correct interpretation 
i s  strongly debated . In any case , as in Greenland so a 
fortior i in Bast Antarctica , the percentage change in the 
total mass is very slow--at most one par t in 105 yr-1 • 
I t  should be noted , however , that a substantial fraction 
of the East Antarctic Ice Sheet l ies on bedrock far below 
s ea level and could behave like mar ine ice sheets where a 
sufficiently deep connection to the ocean exists . 

3 . 3 . 3  West Antarctica . The present mass balance of 
the West Antarctica Ice Sheet is unknown , but i t  is the 
s ubject of widespread interest because of the unstable 
behavior of which deep-bedded aar ine ice sheets ar e 
probably capable . Most of the west Antarctic Ice Sheet 
is mar ine and deep bedded--if the ice were suddenly 
r emoved , the Weddell , Amundsen , and Ross Seas would all 
be openly connected by water at least 500 m deep , much of 
i t  deeper than 1000 m .  Conclus ions drawn from analyses 
of both the current state and that over the last 20 , 00 0 
year s ,  which encompass the end of the last glacial epoch , 
have differed in the extreme from no major changes at all 
to drastic shr inkage even at present 7 however , a growing 
preponderance of field evidence indicates that major 
shr inkage has occurred .  

A substantial body of evidence suggests that the 
grounded ice-sheet margin has retreated in the last 
12 , 000 year s or so from a pos ition near the edge of the 
continental shelf in the Ross Sea (Stuiver et al . 1981) . 
On the other hand , some investigators interpret the 
sedimentary record in the Ross Sea as showing that no 
grounded ice sheet has over lain the area at all in the 
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last 20 , 000 years (Drewry 1979) , and analys is of the 
shape of internal (radar-reflecting) layer s with in the 
central west Antarctic Ice Sheet suggests that no aajor 
change in for• has taken place at that s ite in the last 
10 , 000 years (Whillane 1976 ) . 

Bvidence relating to present-day changes ie also 
ambiguous . Pield evidence froa the Roes Ice Shelf has 
been interpreted ae showing that the ice shelf ie at 
present thickening in aa.e areas near the grounding line r 
however , recent evidence euggeete instead that the ice 
shelf ie currently in a nearly steady state but has 
thinned in the last few hundred years .  Local mass
balance studies near the center of the inland ice sheet 
show a slow thinning r 30 .. of ice per year ) , par t 
or all of which aay be attr ibutable to the slow 
penetration of a sur face warming at the end of the last 
g lacial epoch . On the other hand , calculations using the 
latest data continue to indicate a strongly positive mass 
balance for the whole part of the west Antarctic Ice 
Sheet that flows into the Ross Ice Shelf.  These findings 
again suggest poeteurge conditione (Bentley ' Jezek 
1982) . Preliminary numer ical studies employing the 
fr ictional lubr ication model suggest that either an 
oscillatory regime , with the ice sheet currently in a 
posteurge state , or a steady state , fast-flow regime , may 
be appropr iate . 

In  ita extreme form the drastic-shr inkage model for 
the West Antarctic leads to a sea-level r ise of about 5 m 
in  ae little ae 200 years (Hughes 1973 r Mercer 1978) . 
However , a careful nu.er ical aeeeee•ent by Bentley 
( quoted in Revelle 1983 ) has increased the minimum time 
to about 500 years , although other model s imulations 
(Budd ' Smith 1982 ) suggest •uch more gradual changes . 

Never theless , because such a r ise in sea level would have 
d isastrous consequences for the coastal areas of the 
world , the more extreme model predictions must be 
cons idered ser iously. They are not l iterally appl icable 
at present , for the s imple reason that sea level is 
r ising an order of magnitude more slowly than the impl ied 
rate . The problem continues to be studied with a var iety 
of modele that can be expected to produce firmer 
projections soon . An essential contr ibution will come 
froa additional observations in West Antarctica . Whether 
the ice sheet is currently poised in unstable steady 
s tate ie an open question . Pield work aimed at 
determining the present situation continues and could be 
a ided immeasurably by the launch ing of a polar-orbiting 
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satellite carrying a special ice-sensing and topographic 
surveying inatru.ent package (SCience and Applications 
Wor k ing Group 1979) --though one such satell ite (MOSS ) , 
or iginally planned for the aid-1980s , was deferred 
indefinitely due to the 1982 budget reduction . 

3 . 3 . 4  A hypothetical scenar io for the West Antarctic 
i ce sheet. With the drastic-shr inkage .adel , a hypo
thetical scenar io for the past and future of the West 
Antarctic Ice Sheet can be constructed . As the ear th • s  
cliaate war..a from the ice-age conditions that peaked 
between 22 , 000 and 18 , 000 years ago , the mar ine por tion 
of the West Antarctic Ice Sheet shrank from ita maximum 
extent , one that covered the entire Antarctic continental 
shelf north of the Transantarctic Mountains , to the 
present ice sheet that is grounded only over the Byrd 
Subglacial Bas in . The present fr inge of floating ice 
shelves , notably the Rosa Ice Shelf in the Rosa Sea and 
the Pilchner-Ronne Ice Shelf in the weddell Sea , formed 
in the process .  Shr inkage was initially rapid , because 
the scarcity of islands and seamounts beyond the Antarcti c 
continental shelf prevented widespread formation of 
pinned ice shelves . Shr inkage slowed as the ice-stream 
grounding l ines retreated across the Antarctic continental 
shelf , creating large embayment• in the ice sheet where 
ice-stream tongues merge to create the present ice 
shelves . 

At present , West Antarctic sur face flowlines radiate 
from three major ice domes . Most converge on 15 major 
ice streams , which drain about 90 percent of the grounded 
ice sheet and , except for the two that find the ir coastal 
express ions in Thwaites Glacier and Pine Island Glacier , 
merge to form the Ross and Pilchner-Ronne Ice Shelves . 
Ice tongues forming from Thwaites and Pine Island 
Glaciers calve into the open water of Pine I sland Bay . 

In this scenar io of what might happen dur ing a polar 
warming trend , s ince there is now no ice shelf in the 
Amundsen Sea to buttress these ice streams , the grounding 
lines would irreversibly retreat into the vast Byrd 
Subglacial Bas in that underlies most of the present 
grounded west Antarctic Ice Sheet . Grounding-line 
retreat would be accompanied by lower ing surface 
elevations in the drainage basins for Thwaites and Pine 
I sland Glaciers .  Th is ,  i n  tur n ,  would cause the ice 
div ide of the Amundsen Sea sector of the West Antarctic 
Ice Sheet to migrate inland , shr inking the Ross sea and 
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Weddell Sea sectors of the ice sheet . Reducing the 
voluae of ice in these sectors would reduce the 
velocities of the ice atreaae supplying the present Ros a 
and Ronne Ice Shelves . The ice shelves would then 
acquire a strongly negative mass balance , and their 
grounding l inea would begin to retreat up the ice 
atreaae . In this sequence of events , shr inkage of the 
Aaundaen Sea sector leads to shr inkage of the Rosa sea 
and weddell Sea sectors as well--the end result is the 
elt.ination of the entire mar ine por tion of the inland 
West Antarctic Ice Sheet , in perhaps a few hundred 
year s .  Bither an ice shelf (a remnant of the inland ice 
sheet) or seasonally open seas would then occupy the Byrd 
Subglacial Basin , and there would be a flow of ocean 
water between the Ross and Weddell Seas . 

3 . 3 . 5  An alternative West Antarctic h istory baaed on 
aodel s t.ulations . To put the hypothetical scenar io of 
the preceding section into perspective , we have the leas 
dramatic sequence of events resulting from the most 
advanced three-dimensional .adel calculations so far 
carr ied out for Antarctica (Budd • Smith 1982) . In 
these , both a drop in sea level of the size probably 
associated with the growth of the Nor thern Hemisphere ice 
sheets and the corresponding r ise in sea level at the end 
of the glaciation were used as inputs to the aodel , which 
also made allowance for climatic changes in mass balance 
and teaperature ( ice viscosity) , for the delayed bedrock 
response to the changing ice load , and to different 
backpreaaurea exerted by the ice shelves . The results 
lend suppor t to the advance of the West Antarctic Ice 
Sheet to the edge of the continental shelf around 18 , 000 
B . P . , inferred by Hughes et al . (1981) , but suggest that 
the present extent of the ice sheet represents a minimum 
and a precursor to a readvance as the bedrock continues 
to recover from the ice load of the recent glaciation . 

4 .  BtJMAN-IHDOCBD CHANGES AND CONSBQUBNCBS 

4 . 1  Modification of the Atmosphere and Its Climatic 
Consequences 

Many wor ker s have pointed out that the known duration of 
earlier interglacials ( 10 , 000 to 15 , 000 years )  suggests 
that the present one has near ly run ita cour se, in the 
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natural course of events , temperatures would probably 
• aoon•--aa.eti .. dur ing the next few aillennia--start to 
decline toward eventual full-glacial levels . However , it 
seeas increasingly l ikely that the climatic effects of 
huaan activities , particularly those involving co2 
production , could by the end of the century star t to 
overwhelm any natural cool ing trends that may be in 
progress , causing warming that will last at least severa l  
centur ies , because o f  the long res idence time of � in 
the atmosphere .  

The effects of human activities on cl imate are 
discussed in Appendix Ar  here , we will br iefly review th e 
main factors .  Ruman activities that are l ikely to affect 
climate are , in order of decreas ing importance , those 
that (a)  add to the C� content of the atmosphere 
( fossil fuel combustion , l ime  k ilning , deforestation , and 
agr icultural oxidation of soil humus) r (b)  add other 
infrared-absorbing gases to the atmosphere ( foss il fuel 
combustion , certain industr ial processes , use of nitrate 
f er tilizer s ,  use of chlorofluorocarbons as refr igerants 
and aerosol propellants) r (c)  emit particles into the 
a tmosphere ( fossil fuel combustion , industr ial processes , 
deforestation , agr icultural slash-and-burn practices) J 
a nd (d)  change the albedo of the ear th ' s  sur face (defores
tation and overgraz ing ) . Man-made heat production is at 
present of only local impor tance and will remain so for 
at least several decades . 

We will consider these categor ies in rever se order : 
the change in the ear th ' s  sur face albedo caused by human 
activities is uncertain but may have amounted to �lOt 
since the Neolithic Age . The effect on cl imate of 
atmospher ic particles resulting from human activities is 
difficult to determine , mainly because of uncer tainties 
about their distr ibution and optical proper ties . Recent 
research suggests that industr ial particles in general 
have a net warming effect when over land , especially at 
high latitudes . Recently , attention has been paid to the 
heavy haze that affects the Arctic , particular ly in 
winter and spr ing . This haze is now believed to resul t 
from the transport of man-made pollutants from Nor th 
Amer ica , Europe , and As ia . The haze may affect the 
Arctic climate by its influence on cloud formation and 
also by absorbing additional sunlight . It may also lower 
the sur face albedo of snow on the Arctic pack ice if soot 
par ticles are deposited on the sur face . 

As possible man-made cl imatic modifiers the most 
impor tant gases after C02 are the chlorofluorocarbons , 
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which , if present rates of injection are maintained , aay 
cause an average global waraing of about l°C by A. D .  
2030 . An additional warming of about 0 . 5 °C aay result 
from increasing levels of nitrous oxide (N20) der ived 
from nitrogen fertil izers and fossil fuels . There ar e 
other industr ial gases with smaller but not negligible 
climatic impacts . NOne of these gases has the long 
r es idence time in the atmosphere of C02 r and our 
knowledge of the rates of injection and removal are too 
meager to place auch confidence in estimates of future 
concentrations , but it seems clear that they could 
substantially reinforce the waraing due to C02 . 

The present r is ing atmospher ic co2 level is caused 
by burning fossil fuels , deforestation , soil humus 
oxidation , and l ime k ilning . Of these , the burning of 
fossil fuel is generally believed to be the moat 
important , but there is some disagreement about the 
relative contr ibutions of the other sources . The rate a t  
which the C02 level i s  r is ing , however , i s  being 
monitored at Point Barrow and the south Pole , on Mauna 
Loa ,  and elsewhere .  These measureaenta show that 
everywhere the level has r isen about 6 percent s ince 
1958 , estimates of the production from the burning of 
foss il fuel are about twice this amount , suggesting that 
about half the excess co2 produced has remained in the 
atmosphere,  the other half presumably having been taken 
up by the ocean . If the present rate of increase in the 
burning of fossil fuel continues , the C02 level would 
double by the second half of the next century (Climate 
Board 1982) , but it is most probable that this r ate of 
increase will slacken in the decades ahead and the tt.e 
for doubling move far ther into the future , perhaps into 
the second half of the next century. If all fossil fuel 
that is accessible by present techniques were burnt , the 
atmospher ic co2 level would r ise between fivefold and 
e ightfold . This concentration of � would probably 
not be completely removed from the atmosphere for from 
5 , 000 to 10 , 000 years ,  due to the slow rate of mixing of 
the deep-ocean water and slow removal mechanisms , and the 
concentration would be l ikely to remain at more than 
twice the preindustr ial level for several centur ies a t  
least . 

Several attempts have been made to estimate the l ikely · 
warming effect of increased atmospher ic 002. At first 
there was a wide diversity in the figures obtained by 
d ifferent investigator s ,  but a consenua seems to have 
been reached that the average global warming from a 
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doubling of co2 would probably be between 2•c and 3 °C .  
Model ing also suggests that waraing at high latitudes aay 
be 2 or 3 tiaes greater than the average , with a greater 
i ncrease in the Arctic than in the Antarctic . This 
enhancement of the waraing at the poles seeas to be due 
to the lesser amount of convective aixing coapared to 
lower latitudes and the feedback effect of decreased 
albedo as sea-ice cover and snow (pr imar ily in the 
Arctic) recede poleward . This theoretical conclusion i s  
r einforced by the fact that the pattern o f  Northern 
Hemisphere warming dur ing the f irst half of this centur y 
h as been greatest in high latitudes , especially in winter . 

4 . 2  Climatic Warming--Interaction with the Cryospher e 

General assessments of potential effects of � -induced 
warming on the cryosphere have been provided by Barr y  
( 1978 , 1982) and Bollin and Barry (1979) , based on 

h istor ical-geological data , empir ical results , and 
model ing studies . 

4 . 2 . 1 Sea ice . If the increasing amount of � in 
the atmosphere were to increase temperatures by several 
degrees in the polar r egions , the next concern would be 
the resulting effect on the thickness and extent of the 
sea ice . Estimates of change in ice thickness due to 
warming can be based on simple empir ical relationships 
between ice thickness and the number of degree-days below 
freez ing in the Arctic , which lead to a decreas ing 
thickness of about 10 percent for each 3 °  r ise in winter 
temperatur e .  This estimate suggests that the extent of 
the ice is not very sensitive to a winter temperature 
change of the magnitude that could reasonably be expected . 
On the other hand , other empir ical relationsh ips suggest 
that a r ising mean summer temperature will move the summer 
southern margin of the Arctic sea ice approximately 1° 
nor th for each l°C in change (Rogers 1978) . I f linear 
extrapolation is val id ,  it follows that a coverage only 
half  as large as that existing at present would remain at  
the end of the summer if  the temperature increased 3 ° , 
and that an approximately 10 ° temperature change would be 
needed to remove the summer ice cover completely . So 
large a temperature increase would probably requir e 
near ly a quadrupl ing of atmospher ic C02 content ; 
however , at least two other theoretical analyses have 
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suggested a much greater sensitivity--namely , that about 
a 5 °  increase in te�rature would be sufficient to melt 
the Arctic sea ice ooapletely in midsummer (Park inson ' 
Kellogg 1979 J Manabe ' Stouffer 1979) --but concluded that 
it would probably form again in winter . 

In the Antarctic , moat of the sea ice ia leas than 1 
year old , ia thin by Arctic standards , and undergoes 
large seasonal changes in area . Therefore ,  it seems 
likely that climatic waraing would have a relatively 
greater effect on Antarctic than on Arctic sea ice . One 
analysis leads to an estimate of a 2°  latitude var iation 
in maximum extent of the ice corresponding to a l°C 
change in annual mean temperature (Budd 1975b) , and it i s  
l ikely that interaction with ocean heating would act to 
augment the simple temperature effect . Assuming that the 
summertime extent of the ice would decrease propor
tionally , it appears that in the Antarctic the doubl ing 
of the C02 content of the atmosphere could quite 
conceivably diminish the summer time sea-ice cover , and 
perhaps the winter tiae cover as well , by one half . 

4 . 2 . 2  Snow cover . The effects of a warming on 
snowfall and snow cover will differ according to 
latitude . In low and middle latitudes , where the 
occurrence of snow rather than rain is frequently 
marginal , warming will decrease the frequency of snowfall 
and the duration of snow cover on the ground . In high 
latitudes , where snowfall is l imited by the frequency of 
cyclonic incursions and the moisture flux , there is a 
tendency for warmer winter s to be more snowy. At Barrow , 
Alaska , for example , for the 30 winters 1946-1976 , there 
i s  a -0 . 57 correlation between freez ing degree-days and 
snowfall dur ing December-February . In Labrador-Ungava 
and Keewatin , snowy winter months tend to be associated 
with an average temperature depar ture of +1° to +3 ° c 
( Br inkmann ' Barry 1972) ,  although this relationship is 
apparently nonlinear and it does not appear to hold on 
the time scale of daily data . Wh ile increased snowfall 
will provide a deeper snowpack ,  the duration of snow 
cover in the Arctic is likely to be only marginally 
affected by this increase . Estimated ablation rates 
dur ing the melt per iod at Barrow , Alaska , are 9 mm 
day-1 • Here the 30-40 em snow cover disappears in 
about 10 days from the star t of melt , and evaporation 
accounts for only 2 percent of total ablation , although 
slightly higher contr ibutions may apply aa the snow cover 
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beoo.es patchy (Weller ' Bo�ren 1974 ) . on a heaispher ic 
scale , the general circulation aodel s iaulations of C02 
effects (Manabe ' Wetherald 1980 J Manabe ' Stouffer 1980 ) 
i ndicate a broad retreat of the snow and ice l ine and a 
concomitant 30-40 percent decrease in sur face albedo at 
about 7S0-8S0N for a c� doubling . 

4 . 2 . 3 Glaciers and ice sheets . Mounta in glacier s in 
some ar id high polar regions might initially respond to 
general waraing by advancing , as a consequence of 
increased anowfall J indeed , this may have occurred 
r ecently in par ts of the Canadian Arctic islands and in 
Antarctica . In moat parts of the world , however , and in 
the long r un ,  mountain glacier s would shr ink . 

The Greenland Ice Sheet would shr ink or expand , 
depending on the changes in net mass balance resulting 
from increased snowfall in the central par t  and increased 
aelting and ablation at its edges . The Bast Antarctic 
Ice Sheet would probably be little affected until warming 
had lasted for a long tiae. Even if snowfall increased 
while melting was still insignificant , there would be 
l ittle immediate change because of the very long response 
tiae of the ice sheet as a whole .  However , there are 
portions of this ice sheet that are grounded below sea 
level , and they could behave differently from the main 
body. 

The west Antarctic Ice Sheet probably would be l ittle 
affected until or unless its ice shelves , exposed to 
h igher ocean temperatures and leas protected by sea ice , 
were destroyed . As discussed in Section 3 . 2 . 3 , what 
would happen next is a matter of controversy .  The mar ine 
ice sheet might then •rapidly• disappear ( in a few 
centur ies) , leading to about a .S m r ise in sea level , or 
there might be l ittle change for the next millennium .  

A rough estimate o f  the temperature r ise that might 
correspond to ice-shelf destruction can be made by an 
analog (Mercer 1978) . Along the west coast of the 
Antarctic Peninsula , ice shelves abruptly cease nor th o f  
the midsummer sur face water isotherm o f  -l . S °C ,  which 
approximately coincides with the nor thern limit of sea 
ice at ita miniaum extent in late summer and with the 0 °C 
isothera for midsummer air temperature of 0°C.  Midsummer 
a ir temperatures along the Ross and Filchner-Ronne ice 
barr iers and the coast of the Bell ingshausen Sea are now 
about -S°C , so that , by analogy , the cr itical temperature 
increase for these bodies is about S °C .  If temperatures 
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rose further and were sustained , the West Antarctic ice 
shelves , by this arguaent , would eventually be destroyed , 
but this could take aany centur ies . 

I t  should be recalled that .odel studies suggest that 
a s• war•ing in the polar regions uy be exceeded with a 
doubling of CO:z ( see Appendix A and section 4 . 1 ) . Of 
course , the l ikelihood of ice-shelf destruction would 
increase still further as the 002 level continued to 
r ise . The .,.t vulnerable par t  of the per iphery of the 
West Antarctic Ice Sheet may be in the Amundsen Sea , 
where the ice stre .. s ter•inate in floating ice tongues 
that are currently less restrained than the large ice 
shelves . Destruction of these ice tongues , therefore , 
should no longer be of major consequence , and new 
observations (Crabtree ' Doake 1982 )  suggest that the 
inland mass balance is pos itive at present , lending no 
suppor t ,  for the .aaent at least , to the hypothetical 
scenar io in section 3 . 2 . 4 .  

These arguments and suggestions are neither backed nor 
contradicted by any definitive quantitative study . Bven 
the most sophisticated .adele yet produced involve 
cr itical s implifications and assumptions , .edification o f  
which could be illportant . Po r  example , the prel iminary 
nuaer ical 

. 
.odeling results already referred to simply 

show that a .adel can be devised that yields a credible 
result by reasonable adj ust.ent of certain par ... ters , 
parameter s whose actual values are not well known . Thus , 
the whole matter is  very •uch undecided at present . 
Still , the crucial point is that drastic responses of the 
West Antarctic mar ine ice sheet (and portions of the Bast 
Antarctic Ice Sheet) , although certainly not proven , 
cannot be ruled out . Furthermor e ,  the unstable nature o f  
the dynamic response o f  a mar ine ice sheet is such that 
the process , if it were set in motion , would be 
impossible to reverse . 

4 . 3  Global Implications of a Polar warming 

The consequences of a CO:z-induced warming on the global 
cryosphere are numerous , involving decreases in winter 
snow-cover extent and duration , thinning and recession o f  
glaciers ,  ground ice , and sea ice , a nd  the poss ible rapid 
disappearance of mar ine-based ice sheets causing a 5 m or 
so r ise of global sea level (Boll in ' Barry 1979) . 
Although such results seem quite possible , the development 
of coupled ocean-atmosphere-cryosphere climate models is 
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s ti ll in ita infancy ; feedbacks among var ious par te of 
the climate system may modify the currently recognized 
i nteractions in unsuspected ways . 

Por example , the temperature-ice-albedo coupl ing 
i ncluded in most models is widely accepted as a major 
pos itive feedback effect (see Appendix A) . Reduced snow 
and ice cover should allow stora tracks to shift poleward 
and perhaps further accelerate warming trends in higher 
latitudes as well as affecting the precipitation patterns 
there . Model exper iments and eapir ical evidence suggest 
that an ice-free Arctic Ocean would cause higher winter 
temperatures and more precipitation over the Arctic Basin 
and possibly lower temperatures and less precipitation 
over the continents , but there are no good analogs in 
postglacial time for these conditione . 

Warmer polar regions would weaken the equator-pole 
temperature gradients and tend to reduce the intensity of 
the atmospher ic circulation. In turn , weaker wind systems 
would slacken oceanic current systems that transpor t heat 
poleward , and this slowing could conceivably lessen the 
general warming in higher latitudes . Global atmospher ic 
teleconnections can be expected , as shown by recent wor k 
l inking the character of winter conditions in the 
Greenland region with the intensity of the Gulf Stream , 
the strength of the trade winds , and precipitation 
aaounts in south-central Afr ica (Namias 1980) , but cause 
and effect cannot yet be separated . 

The impact of these cl imatic changes on mank ind would 
be many and var ied--beneficial in some regions and 
damaging in others .  Never theless ,  the international 
d islocations would be ser ious and extensive (Kellogg 
197 8 ;  Kellogg ' Schware 198 1 ;  Amer ican Association for 
the Advancement of Science 1980 ) . 

Probably the most ser ious effect to be considered i s  
the poss ible r ise i n  sea level . A 5 m r ise would have a 
disastrous effect on the low-lying coastal regions of the 
world , where a large fraction of the wor ld ' s  population 
lives . Of cour se , the r ise would occur relatively slowly 
on a human time scale even in the most drastic scenar io; 
nevertheless , the social . and economic implications of 
flooding out many of the largest cities of the world are 
truly stagger ing .  If  such a disaster is going to occur , 
it  may not be preventable , but it certainly behooves 
mankind to be as long forewarned as possible . 
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5 .  PROBLBMS AND RBSBARCH OBJBCTIVBS 

5 . 1  Sea Ice and Snow Cover 

A nuaber of outstanding problems that urgently require 
attention can be identified .  Wh ile ,  partly as a result 
of Project AIDJBX (Arctic Ice Dynamics Joint Bxper iaent) , 
the dynamics and ther.adyn .. ica of large-scale sea-ice 
behavior in the Arctic are now reasonably well understood 
(Polar Group 1980 ) , a fully coupled ocean-ice-atmosphere 
aodel has yet to be developed . Moreover , the processes 
at wor k in the marginal ice zone around the Arctic , and 
especially in the Antarctic , are little known . In the 
Antarctic even the aechanisaa of the overall seasonal 
fluctuations remain in doubt . The role of the numerous 
recently identified polynyi should be deterained . The 
question of interannual var iability and long-tera trends 
in ice extent baa not yet been addressed in detail , 
although a start baa been made for the Arctic . Ice
thickness distr ibution in both polar regions is still 
poor ly known , earl ier suggestions of long-tera trends in 
ice thickness are not generally accepted (Barry in 
press ) . Studies of snow cover and climate interactions 
are hampered by the liaited observational data on 
large-scale snow-cover distr ibution and depth . Little 
wor k baa yet been done on aodeling such interactions in 
general circulation .adele despite recognition of the 
iapor tance to global climate of snow and ice albedo 
feedbacks . 

Three broad objectives can be proposed as a basis for 
iaproved understanding of sea-ice and snow-cover 
r esponses to cliaate a 

1 .  Better empir ical data seta are needed on the 
short-term ( 1-10 year ) and long-tera (103 years )  
var iation of snow and ice extent and ice concentration in 
relation to climatic conditions . 

2 .  Studies of atmospher ic effects on snow cover and 
sea ice , and vice ver sa , are needed on synpotic and 
seasonal tiae scales . The availability of microwave and 
other satellite imagery offers considerable promise here , 
although more synchronous ground-truth data are required 
to assist in the interpretation of these data . 
Commensurate atmospher ic aeasurementa from data buoys are 
also needed . 
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3 .  Model ing exper iMnta are needed to explore the 
r ange of possible cl imatic effects of increases in 002 
and other atmospher ic pollutants on snow cover and aea 
i ce .  

5 . 2 Present Ice Sheets 

The polar ice sheets pose a special problea in the 
002fcliaate context . Our knowledge about their present 
s tate ia U.aited , and about their past it ia at beat 
circumstantial . Model ing the ir future ia like predicting 
developments of the general c ircul�ion from a single 
weather char t .  

This s ituation implies a need for analog arguments 
(e . g . , using surging glacier s ,  wh ich can be observed , as 
models for an ice sheet potentially capable of surging) , 
and also a broad , nUMr ical approach a varying key 
parameters in ice-sheet .adele and , for the leaaer 
understood paraaetera ,  constructing entire solution 
f ields instead of s ingle projections . This procedure 
will also establish ao .. order in the wide range of 
currently available projections . 

Atmospher ic .odelera could contr ibute a great deal by 
examining the summer scenar io of a persistent 0 °C 
temperature over a broad coastal belt of the Antarctic 
ice sheet . This case should be the easiest to .odel 
atmospher ically , s ince it reduces to a ainimua the 
impor tance of the sur face invers ion that aay decouple the 
boundary-layer flow from the rest of the atmosphere in 
the other seasons , and especially in winter . 

No foreseeable 002-induced warming will turn the 
polar ice sheets into •banana belts• in winter , but since 
their elevation changes may have so.e effect on the 
global circulation , the katabatic boundary layer needs 
improved representation in global circulation models . A 
theoretical der ivation of the ice-sheet aur face-preaaure 
distr ibution will be needed for th is , and is being 
developed . 

Oceanic modelers might address the difficult question 
of heat transfer at the base of an ice shelf by modeling 
the circulation in a basin , with a l id ,  that opens on a 
larger ocean next to the ice shelf with or without gyral 
circulation . 

The ice-sheet modelers should coordinate their efforts 
to the extent of using similar inputs for comparable 
reconstructions of the past and future behavior of the 
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ice aheet . Some of the existing aodela will require a 
good deal of developaent work for this purpose , but thi s  
work ia j ustified by the prospect o f  achieving the .oat 
powerful projection tool that can be constructed froa 
present knowledge of ice and ice aheeta . 

Evidence should continue to be sought on whether the 
weat Antarctic Ice Sheet waa present or absent dur ing the 
laat interglacial . A definite answer to that question 
would not only abed light on the paat behavior of that 
mar ine ice aheet but would help teat predictions 
concerning the relative magnitude of climatic warming in 
the Arctic , the Antarctic , and lower latitudes . Thia 
information could in turn provide a partial analog of a 
COz-induced warming . 

F inally, the cr itical need for continuing collection 
of field data on the ice aheeta theaaelvea ia obvious . 
Such data aa ice thickness , sur face elevation and elope , 
bed elope , aur face maaa balance , basal maaa balance , 
internal structure , ice velocity ,  iceberg calving ratea , 
changing aea level , and changing temperatures are 
needed . Many of theae data can be obtained by remote 
aena ing , particularly if a dedicated ice-aena ing 
satell ite mater ial izes (SCience and Applications working 
Group 1979)  eventually becomes reality .  Even with the 
beat of remote-aenaing capabilities , however , a vigorous 
field program will atill be required . 
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