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the authors according to procedures approved by a Report 
Review Committee cons ist ing of members of the Nat ional 
Academy of Sc iences , the National Academy of Engineering, 
and the Ins t i tute of Med ic ine . 
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Foreword 

This document is one of a series issued by the Polar 
Research Board that ident ifies needs and develops 
strategies for polar research. These stud ies are 
expec ted to be suf f ic iently searching to guide polar 
research over the next two dec ades . The sett ing of 
priorities is part icularly important in t imes of 
financ ial stres s ,  and it is hoped that these s tud ies 
wil l  ass ist  the dec is ion makers who will be doing so in 
government and nongovernment organizat ions concerned 
with the polar regions . 

Six studies in the series have now been completed : An 
Evaluat ion of  Ant arc t ic Marine Ecosys tem Research; Study 
of the Upper Atmosphere and Near-Earth Space in Polar 
Regions : Sc ient i f ic Status and Recommendat ions for 
Future Direc t ions ; Polar B iomed ical Research . An 
Asses sment , with an Appendix, Polar Medic ine--A 
Literature Review; Snow and lee Research . An Assessment; 
Permafrost  Researc h :  An Asses sment of  Future Needs; and 
th1s one . Work eont 1nues on two other stud 1e s ,  w1th 
further stud ies to be ini t iated during the coming year . 

The Polar Research Board great ly appreciates the work 
of J .  Murray Mitc hell , Jr . ,  and William w. Kellogg , 
Cochairmen of  the ad hoe Comait tee on The Role of  the 
Polar Reg ions in Cl imatic Change, and of the members of 
this commit tee in the conduc t of  the s tudy and the 
preparat ion of this report on the ir f indings and 
recommend at ions . 

Charles R .  Bentley , Chairman 
Polar Research Board 
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Preface 

The c l imate of the Earth is perpetually variab le and 
chang ing . Uncertaint ies about future c l imate . 
compounded by concerns that the accumulat ion of  carbon 
dioxide in the atmosphere and other by-produc ts  of human 
ac t ivit ies may bring about inadvertent changes of  
c l imate in future decades . place a premium on improved 
understanding and predic t ion of c l imate to meet the 
needs of modern soc iety . A maj or goal o f  c l imate 
research now in progress  under the aegis of  many nat ional 
and internat ional ins t itut ions is  to develop a comprehen
s ive theory of global c l imate as a first s tep to a 
rat ional c l imate predic t ion capab i l i ty .  S igni f icant 
progress toward this goal has been achieved in the pas t  
decade . 

In connec t ion with global c l imate conc erns . the polar 
regions of  the Earth have become the focus of 
cons iderable attent ion in view of three dist inc t yet 
related c ircumstances : 

o Growing evidenc e that the polar regions play a key 
role in the phys ical proces ses respons ible for global 
c l imat ic fluc tuat ions and in some c ircums t ances may be a 
prime mover of such fluc tuat ions; 

o Widening apprec iat ion of  the polar regions as a 
natural repos itory of informat ion about pas t  c l imat ic 
fluc tuat ions and about pas t  Earth-environmental events  
causal ly related to c l imat ic fluc tuat ions; and 

o Mount ing concerns that future changes of c l imate . 
such as the general global-scale warming bel ieved l ike ly 
to resul t in future decades and centuries from the 
accumulat ion of carbon dioxide and other pollutants in 
the atmosphere . may dis turb the equil ibrium of  polar ice 
mas ses and hence global sea level s .  
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These several matters c learly meri t  intens ive paral lel 
s tudy based on separate research agendas .  At the same 
t ime , however ,  the Polar Researc h Board of the Nat ional 
Research Counc il (NRC) has perce ived a need to addres s 
them together in the context of a hol istic view of  
planetary-scale c l imate , from which perspec t ive the 
global interc onnec tedness of c l imate proc esses and their 
soc ial impl icat ions is both the unifying theme and the 
key to set t ing overal l  goals  and priorities  in c l imate
related polar research.  This perspec t ive and its  
implicat ions for future researc h are the focus o f  this 
report . The report is intended to present a general 
overview of the basic research needs in its  broadest 
terms . In many case s ,  the spec ific details  and plana of 
ac t ions can be found in companion Polar Research Board 
reports of more spec ialized scope , either already 
publ ished or now in preparat ion. 

The report was prepared by the Committee on the Role 
of the Polar Regions in Cl imat ic Change , which was 
established by the Polar Research Board in 1980 to 
undertake a s tudy in the Board ' s  new "Polar Research - A 
Strategy" aerie s .  Th e  organizat ion of  this commit tee 
was encouraged by the NRC's Climate Board ( now the Board 
on Atmospher ic Sc iences and Cl imate ) .  The Coaaittee was 
charged with reviewing the s tate of  knowledge about 
polar proces ses in global c l imate dynamic s , ident ifying 
research needs , and recommend ing direc t ions for future 
research .  It was asked to give part icular at tent ion to 
the implicat ions of predic ted c l imat ic changes resulting 
from inc reas ing levels  of atmospheric carbon dioxide for 
the stabil ity of the polar ice sheets . 

The commit tee ' s  report presents  its findings , 
conc lus ions , and recommendat ions . A separate volume 
wil l  contain three s igned append ixes that cover detailed 
background material on The Role of  the Polar Regions in 
Climate Dynamics (J . O .  Fletcher and u. Radok) , Polar 
Regions as Windows on the Pas t  (J .D .  Hays , J .T .  Andrews , 
c.c. Langway , and T .L .  P�w�) . and The Polar Regions : A 
Concern for the Future (C .R.  Bentley , R . G .  Barry , J .H .  
Mercer , and T . J . Hughe s ) . 
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Executive Summary 

BACKGROUND 
Present-day conditions of  global c l imate are but a 
trans itory balance between the predominantly colder 
condit ions prevail ing during the Quaternary ice age , the 
relative warmth of an inte rglac ial inter lude occupying 
the las t 10 ,000 year s ,  and a wel ter of more rapid 
c l ima t ic fluc tuat ions that cont inually sweep our planet . 
The causes of  these fluc tuat ions of  widely differing 
t ime scale and character are essent ial ly unknown . Earth
orb i tal changes ,  variab i l ity of  the sun ,  volcanic 
erupt ions affec t ing atmospheric transparency , and other 
environmental d is turbanc es probab ly all play a part . 
Howeve r ,  much o f  the variab i l ity of  c l imate is  l ikely 
sel f-generated by various dynamic imbalances aris ing 
between different parts o f  the "c l imate sys tem": the 
atmosphere , oceans , and ice and land masses . These 
imbalances maintain the sys tem in a continual s tate o f 
unres t  on t ime scales ranging from weeks for the 
a tmosphere to tens of thousands o f  years for the 
cont inental ice sheets . 

To achieve quant itative unders tanding of  the phy s ical , 
chemical , and b iological processes that cont ribute to 
c l imate-sys tem variabil ity wil l require comprehens ive 
theoret ical mode ls o f  the sys tem that are capab le o f  
s imulat ing its complex t ime-dependent behavior. So far , 
only in limited respec ts has the t ime-dependent behavior 
of the cl imate sys tem been modeled wel l  enough to have 
clear inte rpret ive or predic tive value . Improved mode l s  
are especially needed t o  assess the l ikely charac ter o f  
future c l imatic changes , includ ing those related to 
future increases of  carbon dioxide (C02 ) and other 
"greenhous e" gases in the atmosphere .  
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POLAR REGIONS AS SOURCES OF CLIMATIC UNREST 

Ice and snow condit ions in the polar regions are highly 
sens it ive to variat ions of  c l imate . Changes in those 
conditions then feed back to diaturb the c l imate . In 
both polar areas , changes of  aea ice pro foundly alter 
the flow of heat from the oceans to the polar atmosphere. 
In the Antarc t ic ,  sea- ice condit ion• also influence the 
atmospheric c i rculat ion over the ice abeet , inc luding 
the strong katabat ic winds of  the region , and hence 
modulate the effec t iveness of  the Antarc t ic cont inent a s  
a global "heat s ink. " Changes of  snow cover further 
affec t the seasonal changes of beat ing and survival of 
sea ice in polar areas . In these and other ways the 
pol ar regions induce trans ient imbalances of  the 
p lanetary heat budget that are the source of  fluc tuat ions 
in both atmospheric and oceanic cond it ions in lower 
lat itudes , on t ime scales ranging from months to 
centurie s .  

To establ ish the ful l  extent of  involvement of  polar 
processes in the behavior and cauaat ion of  global 
cl imate variabil ity and change requires a better under
standing of the dynamics of the climate system as a 
whole , inc lud ing a quant itat ive grasp of the longer-term 
interac t ions among oceans , ice masses , and atmosphere , 
and of  the way these interac t ions d i f fer in the Arc t ic 
and the Antarc t ic .  

We conc lude that two princ ipal focuses for future 
research are needed in this fie ld : 

o The development of  models  of the global c l imate 
system with spec ial attent ion to improved s imulat ion of  
c l imat ic processes in the polar regions , and 

o Bet ter understanding of the global-scale response 
of the oceans to atmospheric changes in polar and 
subpol ar lat itude s .  

In regard t o  c l imate-sys tem model ing , we recommend : 

1 . Cont inued e f forts to improve the manner in which 
various polar processes are s imulated in current c l imate
sys tem model s ,  inc luding 

( a) the response of sea ice to atmospheric and 
oceanic changes ,  

(b )  atmospheric effects  o f  snow cover and sea ice ,  
( c )  effec ts o f  polar c loudineas on the aurface and 

atmospheric heat balanc e ,  

-2 -
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(d )  the re lat ionship of  air-sea interac t ions to 
ice in polar regions , and 

( e) ice-shee t dynamic s and the response of ice 
sheets to atmospheric and oceanic change s .  

2 . S imulat ion in future c l imate-system model s  of  
processes and phenomena not now adequately addressed 
that affec t the growth and decay of ice sheets ,  
inc luding : 

( a) low-leve l invers ions and assoc iated katabat ic 
winds over the Antarc t ic ice sheet together with their 
effec t s ,  

( b) blowing snow and subl imat ion a s  they affec t 
the mass balance of ice sheets  and energy fluxes across  
the ir boundaries and between the ir various parts , and 

( c )  prec ipitat ion over the ice sheets as  
dist inguished between snowfal l ( from high-latitude s torm 
sys tems)  and ic e-crystal  deposit ion ( "diamond dus t" 
under c lear-sky condit ions ) .  

3 .  Spec ial attent ion to atmospheric blocking patterns 
and their variat ions in frequency .  

4 .  Study , through c l imate models , of condit ions that 
would favor the coexistence of a glac iated Antarc t ic and 
a seasona l ly ice- free Arc t ic and its impl icat ions for 
the c l imate of lower lat itude s .  

In regard t o  the oceanic response to atmospheric 
change in polar regions , we recommend : 

1 . F ield stud ies and appropriate model ing strategies 
to determine the nature of the response of the ocean to 
changes in polar atmospheric condit ions and the processes 
involved in the response , inc lud ing the part played by 
sea ice .  

2 . Study o f  variat ions in the produc t ion and t ransport 
of intermed iate and bo�tom ocean-water masses as a 
potent ial source of  pers istent sea-surface temperature 
anoma l ies in lower lat itudes and of related long-term 
global c l imat ic fluc tuat ions , based on 

( a) analyses of the record of sea-surface 
temperatures , 

(b )  chemical  and rad ioisotope measurements trac ing 
the his tory and traj ec tories of water masse s ,  and 

( c )  ocean models c apable of s imulat ing the 
movement and trans format ion of ocean water masse s .  
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POLAR REGIONS AS WINDOWS ON THE PAST 

Cons iderable progress  has been made in conatruc t ing a 
quant itat ive record of past  cl imates and climate-related 
phenomena from analyses of ocean-floor sediment a ,  ice 
sheets , and the tundra and boreal zonea of the far 
north.  Such analyses have abed new l ight on the 
phy s ical behavior of the c l imate sys tem, on the causal 
mechanisms of c l imat ic change , and on the range of 
possib i l i t ies  for future change . They have also been 
useful  in test ing under a wide range of environmental 
cond it ions the val idity of c l imate-system models used to 
explore the physical mechanisms of c l imat ic change and 
the feasibil ity of c l imate predic t ion. 

The potent ial of the polar regions to supply add it ional 
ins ights into past  c l imat ic variat ions and into the 
phy s ical processes respons ib le for them far exceeds what 
has already been exploited . That potent ial jus t i f ies  a 
cont inuing program of vigorous research along several 
parallel  l ine a .  In part icular , we recommend : 

1 . Cont inued analyses of availab le ocean-bottom cores 
to determine past  distribut ions of  sea ice and the ir 
fluc tuat ions , and to refine t ime-control techniques for 
inc reased prec is ion of  absolute dat ing and inter
hemispheric corre lat ion of c l imat ic event s .  

2 .  Col lec t ion o f  longer� high-deposit ion-rate cores 
of ocean-floor sediments in high-lat itude areas to 
improve the t ime resolut ion of  c l imat ic variat ions 
reflected in the sed iments and to extend the record of 
past c l imates . 

3 .  Cont inued acquisit ion and ana lys is  of  polar ice 
cores over the coming decade , inc luding 

( a) deve lopment of fast-operat ing , l ightwe ight 
ic e-core dri l l ing devices for both shal low and inter
mediate coring , as wel l  as ful ler exp lo itat ion of present 
deep-dri l l ing technology and 

( b )  a geographical ly broadened ice-coring program 
in both pol ar areas ,  balanced among shal low, 
intermediate , and deep-coring ac tivites , with provis ion 
for a strong laboratory core-analys is capab i l ity . 

4 .  An intens i f ied program of pol len analysis  of 
sed iment s in tundra and boreal zones , with the obj ec t ives 
of improving unders tand ing of the geographic distribut ion 
of current pol len "rain" in the Arct ic and sub-Arct ic 
areas as nec essary to the cal ibrat ion of pas t  pol len 
changes , providing a more detailed history of vegetat ion 
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and c l imate in the Holocene and pre-Holocene periods and 
improving the accuracy of sediment dat ing to refine the 
intercorre lat ion of Arc tic peat samples and cores. 

5. Glac ial-geologic mapping of  former ice sheets in 
both the Arc t ic and Antarc t ic to c lari fy the dynamic 
behavior of the ice sheets and the ir changes with t ime , 
with spec ial attent ion to dist inguishing be tween marine 
and terrestrial components , ice shelves , and ice streams 
and to exploring the general parallel ism of  variat ions 
of the ice sheet s  in the two hemispheres thought to 
exist  during the Quaternary. 

POLAR REGIONS AND FUTURE ENVIRONMENTAL CONCERNS 

Looking to the future , the polar regions are perceived 
as uniquely vulnerable to c l imat ic changes of the kind 
proj ec ted to occur in the coming century as a result of  
atmospheric increases of co2 and other "greenhouse 
gase s. " In a mat ter of decades in the future , 
s ignif icant dec reases may develop in the extent of  snow 
cover on the cont inents and of sea ice on the polar and 
subpolar seas , with a range of soc ietal impac ts  favorable 
and otherwise . 

In the longer run , however , our princ ipal concern is 
with the fate of the polar ice shee t s ,  because , to the 
extent that they do not d isplace ocean water , changes in 
the ir s ize affec t sea level s .  Changes of  sea leve l , i f  
suff ic iently rapid , would have enormous soc ial and 
economic impac ts  on dense ly populated coastal areas 
throughout the world . Sea levels  have risen and fal len 
many t imes in the pas t , somet imes by 100 m or more , as a 
re sul t  of  changes in glac iat ion. Yet , l it tle  can be 
said with conf idence about the rates of  change of  sea 
level that are possible when polar ice sheets  are 
affec ted by c l imat ic changes of the kind ant ic ipated in 
the centuries ahead. 

Maj or ice sheets  are dynamic ent ities potentially 
c apab le of a variety of behavioral re sponses to a 
changing c l imate . Marine-baaed ice shee ts , among them 
the Wes t  Antarc t ic Ice Sheet , are cons idered the moa t  
vulnerable t o  a future warming of  c l imate . In Wes t  
Antarc t ic a ,  higher ocean temperatures and a los s o f  
protec tive sea ice are thought capab le o f  lessening or 
ent irely removing the restraints now ac t ing on the ice 
shelves and thereby speed ing up the ice d ischarge from 
the main ice sheet .  However, a contrary view, supported 
by the moa t  advanced model s imulat ions to date , is that 
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the ice aheet may be relat ive ly Uamune to the c l imat ic 
warming and maintain a s low growth as the bedrock beneath 
it cont inues to rebound from its ice age depress ion . In 
these confl ic t ing c i rcumatances it is c lear that 
queat ions concerning the rapidity of ice-sheet changes , 
the rate of change of global sea-leve l that may result , 
and the further e f fec ts of  a c l imat ic warming on other 
ice masses in both polar regions all require further 
study by means of a jud ic ious blend of model ing analys is 
and f ield s tud ie s .  In these c onnec t ions we ident ify two 
princ ipal focuses for future research :  

o The response of snow and sea ice t o  c l imat ic change 
and 

o The dynamic s of ice sheets . 

In regard to snow and sea ice ,  we recommend : 

1 .  Col lec t ion o f  data on short-term ( 1-10 years ) and 
long-term ( 102-103 years ) variat ions in extent of  
ice  in relat ion to  c l imat ic changes ,  the long-term data 
to be derived largely from proxy c l imat ic ind ices , 
inc lud ing ocean-f loor sediment core s .  

2 . Synoptic case s tudies to c lari fy the interac tions 
among the atmo sphere , snow cover,  and sea ice , employing 
mic rowave and other satel l ite imagery as well  as measure
ments from oceanic and ic e-based data buoys . 

3 . Model ing experiments to explore the range o f  
pos s ible e f fec ts on sea ice of  c l imatic changes result ing 
from inc reas ing levels  o f  C02 and other rad iat ive ly 
ac t ive atmospheric pol lutant s . 

In regard to dynamic s o f  ice sheets , we recommend : 

1 .  Improved models  of terrestrial and marine-based 
ice sheets and their inc orporation into general c l imate
system model s .  

2 . Construc t ion of  scenarios of  the atmospheric 
cond it ions over the Antarc t ic and Greenland Ice Sheet s  
a t  various stages of  a c limat ic change such as that 
predic ted to result from increased atmospheric C02 • 

3 .  Stud ies of heat trans fer at the bases of  all large 
ice shelves by model ing the subglac ial water c irculat ion 
in the manner that it has already been modeled for the 
Ross Ice She l f .  

4 . Assembly o f  evidence from a variety of  sources to 
de termine whether the Wes t  Antarc t ic Ice Sheet was 
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present or absent during the last interglac ial ( about 
1 20 , 000 years ago )  and its status at various t imes prior 
to and following that interglac ial . 

F ield data on ice sheets will be needed , together with 
data on trends in surface air temperature and global sea 
level . These data should inc lude ic e-sheet thicknes s ,  
surface and bed slope , surface mass  balanc e ,  basal mas s  
balance , internal s truc ture , ice veloc ity , and iceberg 
calving and melt ing rates . Many of the data could best 
b e  obtained by remote sens ing from a ded icated polar
orb it ing satell ite ; however ,  a f ie ld program would also 
be required to c omplement this effort . 
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World Climate and the Polar Connection: 
An Introductory Penpective 

The Earth ' s  c l imate has varied substant ially in the 
pas t .  The polar regions have shared in these variat ions , 
often to a greater extent than lower-latitude regions . 
The geologic record shows that during roughly nine-tenths 
of the past 500 mill ion years there was l it tle or no 
permanent ice and snow anywhere.on this planet . At those 
t imes , the Earth as a whole was cons iderably warmer than 
it is to�ay . During the other one-tenth of the t ime , 
ice has been present in the higher lat itudes of  one or 
both hemispheres , somet imes in amounts several t imes 
greater than those of the present Antarc t ic and Greenland 
ice sheet s .  During such ic e-age condit ions , most  lower
lat itude reg ions have also cooled s igni f icant ly , as have 
the oceans . 

The Earth has been locked in the grip of an ice age 
( the Quaternary ) for about the last 2 mil l ion year s .  
However , s ince i t s  incept ion there have been wide 
fluc tuat ions in volume of ice ,  temperature , and other 
c l imat ic cond it ions between glac ial and interglac ial 
stage s ,  at intervals of tens of thousands of  year s .  
Today , we are poised atop an uncommonly warm interglac ial 
of  uncert ain future durat ion, the benef ic iary of a 
respite from the much deeper chi ll that is more typical 
of an ice age . 

Within the present interglacial , lesser c l imat ic 
fluc tuat ions have been documented . Among these have 
been so-cal led "little ice age" events , at intervals of  
2000 or  3000 year s , charac terized by  enlarged mountain 
glac iers , an expanded Arc t ic ice pack, and a generally 
coole r ,  s tormier c l imate in some parts of the world . In 
addit ion to the little ice ages , a whole range of  more 
rapid , mos t ly irregular fluc tuat ions has cont inual ly 
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been sweeping the planet and doubtlessly will cont inue 
to do so in the future . 

The causes of  these  fluc tuat ions of  widely dif fering 
t ime scale and charac ter are far from unders tood . 
Strong evidence exists for a role of  slow Earth-orb ital 
changes in pac ing the arr ival and retreat of  the maj or 
ice-age glac ials and interg lac ials . Natural variat ions 
of atmospheric c omposit ion may be involved on a·range of 
t ime scales of change . Intrins ic variabil ity of  the 
sun, changes of atmospheric transparency caused by 
violent volcanic erupt ions , and perhaps other natural 
environmental disturbances may contribute to the more 
rapid changes of  c l imate .  

Yet there are reasons t o  bel ieve that much o f  the 
var iabil ity of ciimate is internally generated by 
inherent and chronic imbalances among the atmosphere , 
the oceans , and the ice and snow mas ses of  our planet . 
Each of  these domains is typical ly in a s tate of  dynamic 
unres t and communicates that unrest  in various ways and 
on various scales of t ime to the other domains of what 
is collec t ively referred to as the "c l imate system . " 

In add it ion to the atmosphere , the oceans , and the 
c ryosphere ( ice  and snow) , the c l imate system also 
inc ludes the land surface and the biosphere (here defined 
as vegetat ion and other organic matter in direc t or 
ind irec t contac t with the atmosphere ) .  The disparity in 
t ime scales of unres t  of these several domains of the 
sys tem is reflec ted in the charac teris t ic t ime required 
for each to adjust to a change imposed by the others 
interac t ing with it . This response t ime ranges from a 
week or two for the atmosphere to about a year for sea 
ice to a range of  t imes from centur ies to tens of  
mil lennia for the continental ice masses . The response 
t ime of  the ocean depends on whether we are re ferring to 
the upper mixed layer ( around 100 m in depth) ,  which 
reac ts  on a t ime scale of 10 years or so , to the cold 
fresh intermed iate waters with a life cyc le of  decade s ,  
or to the deep waters whose cyc l ing t ime for mixing with 
the surface waters may exceed 500 year s .  

To quant ify adequately a l l  the princ ipal physic al , 
chemical , and biological processes that contribute to 
c l imat ic variabil ity and change is both an urgent need 
and a formidab le challenge . It requires the deve lopment 
o f  comprehensive theore t ical models  of the c l imate sys tem 
that are capab le of simulat ing its c omplex t ime-dependent 
behavior . So far , only in l imited respec ts  has that 
t ime-dependent behavior been mode led we l l  enough to have 
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clear interpret ive or predic t ive value . In the pas t 
decade , however ,  apprec iable advances have been made in 
the real ism of climate models and in our unders tanding 
pf the ways in which the climate system responds to 
changes in "external" condit ions , that is , condit ions 
that influence the system from beyond ita boundaries .  

Among the potent ially variable external inf luences o f  
greatest importance t o  c l imate i s  the sun, which provides 
virtually al l of the thermal energy to drive the oceanic 
and atmospheric circulat ions . It is estimated that a 1 
percent change in total solar radiat ion, if sustained 
over a period of many year s ,  would resu lt in a change in 
global mean surface temperature of about 1 . 5°C .  This 
calculat ion takes into account what we bel ieve are the 
moat  important interac tions within the c l imate system. 
The total rad iat ion from the sun,  the so-cal led " solar 
constant , " changes by a few tenths of 1 percent over 
intervals of days or weeks , as demons trated recent ly by 
sens itive sate ll ite measurement s .  Indirec t evidence 
suggests  that , in at least some respec ts ,  solar radiat ion 
also changes on longer time scales associated with one 
or more of the we ll-recognized rhythms of solar ac tivity 
( those of about 1 1 ,  22 , and 80 years , perhaps others o f  
even longer durat ion) . 

Another kind of alteration of  radiat ion from the sun 
comes from s low changes in the shape of the Earth ' s 
orbit  about the sun and in the direc t ion of ita spin 
axis relative to the plane of  orbit ( the ec l ipt ic ) .  
Although these orbital changes have only a minor 
influence on the total incoming solar radiation 
( insolation ) received by the whole planet in a ful l  
year , they can cause as much a s  a 12 percent change in 
the insolat ion received at a particular latitude in a 
part icular month.  The Serbian astronomer Miiutin 
Milankovitch was the firs t to work out the geometry of  
this e f fec t and to  show that it  could result in cyc lical  
changes of c l imate over periods of  about 20 , 000 , 40 , 000 , 
and 100 , 000 years .  The Milankovitch theory baa recent ly 
received cons iderable attent ion as a result of findings 
that , in the past  mil l ion years of paleoc l imatic data 
suff ic ient to show it , both global -average temperature 
and ice volume have tended to vary in cyc les of prec isely 
these periods and to have maintained a uniform phase 
re lationship with the orbital changes .  

Although the Milankovitch mechanism seems t o  operate 
moat  strongly in the northern hemisphere , the c l imatic 
changes related·to it have been more or leas parallel in 
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both hemispheres .  Over suffic ient ly long periods , 
changes of  global sea leve l , induced by changes in the 
volume of the cont inental ice sheets in the northern 
hemisphere , are now seen as a l ikely mechanism to link 
the two polar regions and to result in parallel changes 
of  ice in the Antarc t ic .  

Large volcanic erupt ions in the pas t have injec ted 
both ash part ic les and sul fur dioxide into the 
s t ratosphere . All but the smallest of the part ic les 
would have fal len out within days or weeks ; the res t 
would have remained suspended long enough to be carried 
intercont inental dis tances by atmospheric wind s .  The 
sul fur dioxide would have been converted to 
submicrometer-s ize sul fate part icles whose res idence 
t ime at the high alt itudes involved c an be as much as 2 
or 3 year s .  Both the fine ash and the sul fate part ic les 
are l ikely to have caused a temporary cool ing of  the 
surface c l imate by intercept ing a frac t ion of the solar 
rad iat ion that would otherwise pass through to the 
surface . A cool ing effec t  of  a frac t ion of 1°C in 
hemisphere-wide average temperature has been ident ified 
following each of several major erupt ions in the pas t  
century . A record of these and earl ier erupt ions has 
been preserved in ice cores from the Greenland and 
Antarc t ic Ice Sheets , appearing as thin layers of high 
sul fate content at various depths in the ic e .  

In the present century another externally induced 
change has been introduced into the c l imate system in 
the form of a bui ldup of atmospheric carbon dioxide 
(C02)• Since the nineteenth century vas t  s tores of 
c arbon have been burned as fossil  fue ls  ( principally  
coal , petroleum , and natural gas ) . Roughly hal f  of the 
CD2 produc ed in this way appears to have stayed in the 
atmosphere ; the other hal f ,  apparent ly,  has been taken 
up by the oceans . Changes in the mas s  of the biosphere , 
especially the forests , may also have contributed to 
shifts in atmospheric COz level s .  The aggregate 
increase in atmospheric co2 levels  s ince the late 
nineteenth century is now approaching 20 percent; the 
rate of inc rease has been about 0 . 5 perc ent each  year 
recent ly.  

The influence of  increasing CD2 on c l imate has been 
s tud ied extensive ly in the pas t  dec ade . This gas 
absorbs and red irec ts  earthward some of the infrared 
heat emission from the Earth' s surface and lower 
atmosphere that would otherwise escape more direc tly to 
space . A s imilar radiat ion-trapping role is played by 
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water vapor , by c louds , and by various trace gases 
copious ly released to the atmosphere by human act ivit ies, 
among them methane , nitrous oxide , and chlorofluoro
carbons . The net effec t of the added C02 and of these 
other infrared-absorbing gases is to warm the surface by 
a process  commonly ( if imprec isely) re ferred to as the 
greenhouse effec t . Based on a number of independent 
studies us ing climate models of  various degrees of  
sophis t icat ion, a doubl ing of atmospheric C02 
concentrat ion from 300 to 600 parts per mil l ion by 
volume ( ppmv) would be l ikely to result in a worldwide 
average rise in equil ibrium surface temperature of 
approximately 2 to 3°C .  The warming would probably be 
enhanced in the polar regions , perhaps by as much as a 
fac tor of 3 in the Arc t ic .  

Ant ic ipated future inc reases o f  atmospheric C02 
content are such that a doubl ing by some t ime in the 
twenty- firs t century is a reasonable expec tat ion. The 
t ime required for an increase of  such magnitude , and the 
c l imat ic warming expec ted to resul t from it , depends on 
a number of uncertain fac tor s ,  among them the future 
rate of uptake of C� by the oceans , the thermal 
inert ia of  the oceans , the role of the biosphere in 
exchanging add it ional carbon with the atmosphere , and , 
most  of all , the future rate of  consumpt ion of  foss il 
fuel s .  I f  historical ly typical pas t  growth rates of  
worldwide consumpt ion of fossil  fuels  cont inue , a 
doubl ing of C02 c ould be expec ted by around the middle 
of  the next century . I f ,  on the other hand , the 
relat ively s low growth of  energy demand in the past  few 
years is more representative of  future trends in fossil
fue l consumpt ion, then the t ime of C02 doubl ing could 
be delayed by several dec ades to around the end of the 
twenty-firs t century . Uncertainties about many details  
of the cyc ling of carbon between the atmosphere , oceans , 
and biosphere add an important caveat to these 
proj ec t ions . In any case , it seems l ike ly that by the 
end of this century the C� warming wil l  have become 
evident as such in the meteorological record and within 
a mat ter of decades thereafter will have begun to 
trans form the c l imate to leve ls  of warmth unprecedented 
in human experience . The C02 warming is like ly to be 
augmented by the s imilar effects  of other infrared
absorbing trace gases also expec ted to cont inue 
accumulat ing in the atmosphere . 

From measurements of  the C� t rapped in old ic e 
brought up in cores from Greenland and the Antarc t ic ,  it 
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appears that  the atmospheric concentrat ions o f  this 
trace gas have been fairly constant for many thousands 
of  years prior to the modern indust rial era . However , 
measurements on ice dat ing back to the last glac iat ion , 
about 20 , 000 years ago , indicate that atmospheric C02 
levels were then only about 60 percent of  present level s .  
Such a C02 def ic it was almost certainly a result of  
glac iation and not a cause of  it . Yet  it cou ld have 
c ontributed to the perpetuat ion of a glac ial c l imat ic 
s tate once estab l ished by other environmental influences . 

The implicat ions of the ant ic ipated future global 
warming effec t of  C02 are many ; these wil l  unfold at 
d i fferent rates and with diverse consequences to human 
soc iety. Probably of  greatest long-term s ignificance , 
however , are the potent ial effec t of  such warming on the 
integr ity of the polar ice mas ses and related concerns 
about the stabil ity of  worldwide sea levels . It  is  
princ ipal ly in these connec tions that we focus on the 
polar regions as a concern for the future . 

-13-

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

The Po lar  Reg ions  and C l imat ic  Change
ht tp : / /www.nap.edu/ca ta log .php?record_ id=19345

http://www.nap.edu/catalog.php?record_id=19345


The Polar Regions as a Source of Climatic Unrest 

Both the documented his tory of the Earth ' s c l imate and 
the theory of  c l imate as developed through c l imate 
mode ls  indicate that the polar regions are highly 
sens itive to var iat ions of c l imate .  Further , the polar 
regions apparent ly p lay a maj or role in the phys ical 
processes  that  animate the global c l imate sys tem into a 
s tate of continual fluc tuation, a role now cons idered 
virtually certain on the t ime scale of  the glac ial
interglacial success ion of the present ice age . Further 
stil l ,  the polar regions may be a prime mover of  global 
c l imatic fluc tuations on one or more t ime scales in the 
range from years to tens of mil lennia commensurate with 
the widely differing response t imes of  polar ice and 
snow. 

To determine the ful l  extent of  involvement of  polar 
proces ses in the behavior and causation of  global 
cl imatic fluc tuat ions wil l  require improved understanding 
of the c limate sys tem as a whole . A quant itat ive grasp 
of the longer-term interac tions taking place among the 
Earth ' s  oceans , ice mas se s ,  and atmosphere wil l be 
necessary ; currently all  of  our insight s and observations 
are adequate to discern these interac tions only in vague 
out line . 

ROLES OF THE TWO POLAR REGIONS IN CLIMATE : 
PARALLELS AND CONTRASTS 

Patterns of global c limate are largely determined by the 
global system of atmospheric winds and oceanic current s . 
The winds , in turn , are a response to the unequal heat ing 
of the Earth and atmosphere by the sun , espec ial ly to 
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the contras t in heat ing between the tropics  and the polar 
regions . The oceana are driven into large-scale mot ion 
part ly by the s t ress of atmospheric winds on their 
surface and part ly by patterns of  heat and mois ture 
exchange with the atmosphere that affec t  water dens ity . 
Air and ocean water are the two working fluids of  a 
planetary-scale thermodynamic engine that share the 
burden of moving heat in each hemisphere out of the 
tropic s toward the polar regions , where it is ultimately 
radiated back to apac e .  

Th e  inequal i t ies of heat ing that fuel the global 
c l imate engine depend in a complex way on geography and 
season ; they also vary irregularly with t ime .  The 
trop ics c ontribute to these heat ing variat ions mainly 
through changes in the distribut ion o f  prec ipitat ion, 
c loudines s ,  and surface temperature of the ocean . The 
polar regions contribute to them mainly through changes 
in net heat loss assoc iated with changes in atmospheric 
boundary-layer struc ture , in the extent o f  highly 
reflec t ive snow fie lds , and in the extent of  sea ice , 
which strongly regulates the fluxes o f  heat , mois ture , 
and momentum between the atmosphere and the ocean water 
be low. 

Looking more c losely at the mechanisms by which the 
polar regions may apply leverage to the throt tle of  the 
global c l imate eng ine , we discover some stark d i fferences 
between the Arc t ic and Antarc t ic .  These d i fferences can 
be traced to major phys iographic contrasts , which ,  
together with some of their immediate c onsequences for 
global c l imate , are summarized in Table 1 .  

POLAR ENERGY-TRANSFER PROCESSES 

Fac tors largely determined by sea-ice condit ions and 
seasonal snow c over dominate the energy balance of  the 
Arc t ic Bas in. A layer of sea ice ( about 3 m) ,  coupled 
with a highly stab le dens ity struc ture of the ocean 
surface layers beneath , insulates the vas t energy 
reservoir of the Arc t ic Ocean from the atmosphere . Each 
summer the long hours of sunl ight , aided by a relat ive ly 
sudden lowering of albedo assoc iated with snow mel t  and 
the format ion of puddles on the ice , mel t s  the ice at 
rates in excess of 1 em per day . Sma l l  changes in the 
summer rad iat ion budget can have large e f fec ts  on the 
ice; conversely , interannual variat ions in c loudines s 
and in the t iming of  snow mel t  and puddl ing exert great 
leverage on the radiat ion budget .  In a l l  seasons , wind 
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TABLE 1 Contrast ing Charac ter i s t ic s  of  the Two Polar 
Regions Re levant to Global Cl imate 

Charac ter i s t ic 

Physiography 

Dominant 
fac tor in 
energy balance 

Arc t ic 

Ocean nearly 
surrounded by 

Ice covered ocean 
( at sea leve l )  

Ic e-shee& area 
2 X 10 km2 
( Greenland )  

Sea-surface 
energy budget 

Dominant mechanism 
of  heat and mas s  
exchange with 
lower latitudes 

Atmosphere 

Ocean 

Migratory weather 
sys tems as in 
lower latitudes 

Currents  through 
a few shal low 
channels (mainly 
one connec t ing to 
Greenland and 
Norwegian seas ) 
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Antarc t ic 

Continent surrounded 
by ocean 

High-altitude ice 
shee t (up to 
4 . 2 km) surrounded 
by seasonal sea 
ice 

Ic e-sheet area 
13 x 106 km 2 
augmented by 
an�ther 20 x 106 
km o f  sea ice 
in winter 

Radiant heat loss 
from atmosphere 
and surface 

Gravity-flow 
(katabat ic ) winds 
off  ice sheet 
balanced by upper
level inflow 
interac t ing with 
strong c ircumpolar 
wes terlies 

Shal low and dee p
water transport 
across open 
boundaries inter
ac t ing with 
s trong c ircum
polar current 
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and water stresses on the ice cause it  to part , opening 
leads that in winter release large bursts of ocean heat 
to the air be fore they are quickly f i lmed over by thin 
new ice .  The result i s  an ice matrix o f  widely varying 
thickness , each element of which bas its own 
charac teris t ic temperature and heat balance . Further 
changes in heat balance arise from the occurrence in 
summer of extens ive layers of low stratus c louds above 
the ice .  

The energy balance o f  the Antarc t ic cont inent is 
contrast ingly dominated by a combinat ion of  rapid 
rad iat ive heat losses to space through the c lear and dry 
atmosphere above the ice sheet and a net solar heat ing 
much  smal ler than that in the Arc t ic owing to the large 
s ize and high albedo of the ice shee t together with a 
lesser absorpt ion of solar radiat ion by the thinner 
overly ing atmosphere . The absorption of  solar radiation 
in the surrounding oceans is strongly modulated by large 
seasonal and interannual variat ions in the extent of sea 
ice there . The intense cool ing over the interior of  the 
ice sheet creates reservoirs of extreme ly cold and dense 
air . This air readily flows with a down-s lope component 
toward the ocean in all  sec tors of the cont inent and 
gives rise to the strong katabat ic winds that figure 
prominent ly in the unique charac ter o f  Antarc t ic 
c l imate .  The mas s ive out flow of  air assoc iated with 
these drainage winds results in an inflow of  air at 
higher altitudes that par t ic ipates in the s trong 
radiat ive cooling over the c ont inent and maintains the 
Antarc t ic as an effic ient planetary heat s ink. 

The katabat ic winds o f  Antarc t ica  play other roles in 
energy and mas s  trans fer between ice , air , and ocean 
water that are not ye t  quant itative ly unders tood . The 
winds l ift a cons iderable mas s  o f  snow from the ice 
sheet and transport it , together with its latent heat , 
into the ocean; this process  is not , however , bel ieved 
to have a major effec t  on the long-term mas s  balance o f  
the ice shee t .  Th e  winds also produce open-water 
polynyas through wh ich a c ons iderable share of sea-air 
trans fer of  heat and mois ture occurs and otherwise 
affec t  the manner in which the ocean surface is ab le to 
freeze . ( I t happens that the mos t  pers is tent polynyas 
are l oc ated ad jacent to glac ier tongues fed by ice 
streams within the ice sheet; the draw-down of  ice by 
the ic e streams c reates channel s  that a l low the winds to 
gather except ional force in such locat ions . )  In 
add it ion, the winds may regulate the rate of  formation 
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of cold Antarc t ic bot tom water near the cont inent , 
pr imari ly in the Wedde ll Sea .  These various wind 
effec ts al low the c ircum-Antarc t ic ocean to exchange 
heat with the atmosphere much'more ac t ive ly than the 
Arc t ic Ocean , which by contrast is covered with ice a l l  
year , highly stab le i n  i t s  upper layers , and severely 
res tric ted by geography in its abi l i ty to exchange water 
with lower-latitude ocean bas ins . 

POLAR EFFECTS ON GLOBAL CLIMATE FLUCTUATIONS 

Polar Feedback Mechanisms 

In the course of a c l imat ic f luc tuat ion or change , o f  
whatever origin , certain global energy and mass-transfer 
mec hanisms within the c l imate system can adjust in ways  
that tend e ither to  ampl i fy or  to  damp the original 
c l imat ic perturbat ion . These are commonly re ferred to 
as pos it ive or negat ive feedback mechanisms , 
respectively . 

A pos it ive feedback mec hanism that operates in both 
polar regions to ampl ify a c l imat ic c hange involves a 
relationship between polar a lbedo and temperature . 
Exc ept during the polar night , any proc ess that ac ts to 
inc rease the area of  polar snow and ice , with its  high 
albedo ( reflec t ivity)  relat ive to that of ocean or land , 
resul ts  in an inc reased loss of  heat by re flec t ion of  
solar radiat ion back to spac e .  Consequent ly , less hea t  
is ava ilable to warm the atmosphere and t o  melt  the 
snow, leading to a further increase in the area of snow 
and ice . A process  that dec reases the area o f  polar 
snow and ice leads to the oppos ite result . The ne t 
effect of  this feedback is to increase the sens it ivity 
of  polar c l imate to a perturbation of  the overal l  
c l imate system. Virtually a l l  c l imate models , from the 
most e lementary to the most advanced , take this feedback 
into account . 

Related albedo effects , not so easy to incorporate 
into model s ,  involve the breakdown of the c rystall ine 
structure of snow and the formation of melt ponds on sea 
ice , particularly with the arrival of thawing 
temperatures in spring . In both cases cons iderable 
reduc tions of snow and ice albedo may occur,  mainly in 
the near-infrared region of  the solar spec trum not 
sensed by the human eye . These albedo e ffects may lead 
to accelerated thawing and to further consequences for 
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the polar heat budget and for the evolut ion o f  snow and 
ice c ond it ions in later seasons of the year.  

A sec ond pos i t ive feedback mechanism that affec t s  the 
polar regions involves water vapor . Like C02 , water 
vapor is a good absorber of infrared radiat ion . An 
inc rease in temperature wil l  generally result  in a 
larger atmo spheric water-vapor content , which ,  through 
the greenhouse effec t , further inc reases the temperature . 
Conversely , decreases in temperature reduce atmospheric 
wa ter vapor , thus further dec reas ing temperature . This 
proc es s ,  which operates mos t  e ffec t ively in the h igher 
lat itudes , is also taken into account in virtually all  
c l imate model s .  Neglec ting it results  in  a gross under
es t imate of  the sens i t ivity of  the c l imate system to 
fac tors that affec t atmospher ic hea t ing rate s . 

Both of these feedback mechanisms operate somewhat 
d i f ferent ly in the Arc t ic than in the Antarc t ic .  The 
albedo-temperature mechanism is enhanced in the northern 
hemi sphere because snow c over on land responds to 
temperature more quickly than does sea ice , and there is 
much more land in the northern hemisphere . In the 
southern hemisphere the vast  expanse of  ocean is more 
res istant to changes in surface temperature . For this 
reason , it  is bel ieved that the astronomic al theory of 
c l imatic change ( on the mil lennia l t ime scale of  the 
Milankovitch mechanism) mus t  operate more e ffec t ive ly in 
the northern hemisphere , where a re lat ively smal l change 
of insolation at high lat itudes in the late summer can 
produce a relatively large change in albedo and 
temperature .  

The water-vapor feedback mechanism i s  a l so probably 
more effec t ive in the Arc t ic because there is  more 
atmospher ic water vapor over the Arctic Bas in , at its 
sea-leve l e levation , than over the centra l Antarc t ic , at 
its  high alt itude , where the atmosphere overhead is not 
only more rarified but maintained at low humid it ies by 
subs idence caused by the katabatic out flow near the 
surfac e .  I t  should be emphas i zed in this c onnec t ion 
that even the bes t  current c l imate models  do not 
rea l i stically treat the wind flow over the Antarc t ic , a 
l imitat ion of  models  that warrants spec ial attention in 
other connections as wel l .  

A third feedback mechanism ,  long cons idered to be 
predominatly negat ive but not necessari ly so under a l l  
cond itions , concerns the effec t of  changes of  c loud iness  
on the planetary heat budget . In daytime and during the 
summer season , the dominant effect of  an inc rease of  
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c loudiness  is to inc rease the planetary albedo , thus 
c ontributing to a cooling of  c l LDate . However ,  at night 
or during the winter season ,  the dominant effec t of  an 
increase of  c loudiness is to insulate the lower 
atmosphere from s trong radiat ive heat losses to apace , 
contribut ing to a warming of c l imate . The net e ffec t o f  
inc reased c loud iness in polar latitudes would there fore 
tend to favor warming in winter and cool ing in summer .  
A fac tor tend ing t o  cause inc reased ( s tratus ) c loud iness  
in  polar ocean areas is  the mo is ture added to the 
atmosphere by exposed ocean water when sea ice breaks up 
in summe r ,  a s ituat ion l ikely to cool the surface and to 
slow the rate of further ice breakup in that  season . On 
a more global scale , it remains to be ver if ied that the 
planetary average c loud cover may c hange , as , for 
example , in response to a warming effec t of C02 ; 
mode l ing studies so far carried out to invest igate thi s  
poss ibil ity have indicated that such global-scale 
c loudiness changes may be smal l .  

Other feedback mechanisms involving the polar regions 
are more subtle and even less wel l  understood . One o f 
these involves the occ as ional tendency of  higher- and 
mid-lat itude weather systems , which ordinari ly move from 
west  to east , to become s tat ionary in "blocking 
patterns . " When they occur,  such patterns may be so 
pers i s tent that cold polar a ir masses are enabled to 
f low toward the equator along the same pathways for 
weeks at a t ime .  This s ituat ion occurred , for example , 
during the unusual ly cold winters of  1976-19 7 7  and 
1977 -1978 in the eas tern United States . Presumably , 
blocking patterns deve lop and break down in d irec t or 
indirec t response to chang ing requirements for global 
heat or momentum exchange between d i f ferent lat i tude 
zones of the Earth . In any c ase , they can be viewed as  
another potent feedback mechani sm by wh ich the polar 
regions are l inked to the deve lopment and evolut ion o f  
global -scale c l imat ic fluc tuat ions . 

Sea Ice and Cl imate 

The largest variat ions in the intensity of the pol ar 
heat s inks are as soc iated with variat ions of  ice extent 
on the ocean. As already noted , sea ice powerfu l ly 
regulates the rate of heat  and mois ture exchange between 
air and sea . It has been es t imated that the removal o f  
al l float ing ice in the Arc t ic Ocean would result in a 
total annual heat f low from the ocean to the atmosphere 
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f ive or s ix t imes greater than what it is now. It  has 
also been est imated that the removal of the highly 
re flec t ive ice would lead to a doubl ing of  the amount of 
solar heat absorbed by the Arc t ic Ocean in summer .  
These result s  make c lear that variat ions i n  sea ice c an 
have a potent ial ly enormous influence on air-sea heat 
exchange . 

In the northern hemisphere , the maximum extent of  sea 
ice (usua l ly in March)  is  about 5 . 5  percent of  the total 
area of  the hemisphere ; the minimum extent (usual ly in 
Augus t )  is about 3 percent . In the southern hemisphere , 
the maximum extent of  sea ice ( in September ) is  about 8 
percent of the area of the hemisphere , whereas the 
minimum ( in Marc h)  is only about 1 percent . Thus , the 
annual var iation of sea-ice cover has at leas t four 
t imes as much leverage on total a ir-sea heat exchange in 
the Antarc t ic as it has in the Arc t ic .  

Interannual var iat ions of  sea ice may l ikewise be 
l arger in the Antarc tic , but direc t evidence to conf irm 
this suppos it ion is l imited to the sate l l ite era . During 
the global c l imat ic warming that occurred in the f irs t 
hal f  of this century the area o f  the Arc t ic Ocean c overed 
by sea ice is es t imated to have decreased by roughly 10 
to 15 percent , or less than 1 percent of the total area 
of the hemisphere . A shrinking ice cover enhances the 
role of the ocean in poleward heat transport , thereby 
reduc ing po leward temperature contrasts  and s lowing the 
global atmospheric c irculat ion . Such a slowing was a 
feature of the northern hemispheric c irculat ion during 
the Arc t ic warming between the decades of  1910 and 1930 . 

The t iming and extent of both seasonal and interannua l  
changes of  sea ice may affec t c l imate i n  another manner 
as wel l .  At t imes when the polar seas are relat ive ly 
ice free , the large heat capac ity of  the water adds 
c ons iderable therma l inert ia to the polar atmosphere and 
thereby tends to lengthen the dominant t ime sc ales of  
c l imat ic var iabil ity . Conversely , at t imes when the 
polar seas are ice covered , the ice insulates the 
atmosphere from such thermal inertia e f fec t s  hence the 
c l imate sys tem responds different ly . 

Beginning about 10 years ago , sate l l ite imagery gave 
us the ab i l i ty to monitor both seasonal and long-term 
variations of  sea ice on a global ba sis  and in 
unprecedented detail . In add it ion to imagery in visible 
and infrared wave lengths , which is subjec t  to obscurat ion 
by c louds , imagery by means of scanning mic rowave 
radiome ters is now availab le that not only "see s" the 
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ice through clouds but c an dist inguish between new 
( seasona l )  and old (multiyear) ice . In add it ion th is 
�agery prov ides a means to track the locat ion and 
behavior of open-water polynias throughout the year . 
This powerful satell ite capability promises rapid future 
ga ins in our understanding of sea-ice dynamic s and o f  
air-sea- ice interac t ions �portant t o  global c l imate .  

Polar Modulat ion o f  the Oceans 

The oceana owe much of the ir charac ter to the polar 
regions . The bulk of the deep water in the At lant ic , 
Pac ific , and Indian Oceans accumulated there from 
sources around the Antarc t ic c ont inent and in the North 
Atlant ic . This bottom water is cont inual ly being 
renewed ; the t ime required to replace a l l  of it is 
eat �ated at between 500 and 1000 years . The displaced 
bottom water eventual ly regains contac t with the 
atmosphere . The charac ter of ocean bottom water and the 
processes by which it is formed are be l ieved to have 
differed cons iderab ly from those of today in geologic 
eras prior to the Quaternary . The reason for this can 
be traced to tec tonically re lated changes of  cont inental 
c onf iguration and interocean connec t ion s .  

Both polar regions are s ites o f  intense sea-air heat 
exchange , wh ich is bel ieved to init iate the main proces s 
through which the wor ld ocean contributes to the 
balanc ing of the globa l energy cycle . Because of the 
long t�e required to transport ocean heat over the vas t 
dis tances involved , variat ions in the rate of  heat loss 
to the polar atmosphere , which result  from the natural 
var iabil ity of  the atmosphere and its interac tion with 
sea ice , have ample opportunity to interfere with the 
balanc ing proc es s ,  thus sett ing in motion fluc tuat ions 
of global c l imate on t �e scales as  varied as years , 
dec ades , and centurie s .  

In general ,  the mos t  intense heat exchange between the 
atmosphere and ocean occurs in l �ited regions of the 
world where extremely cold polar air mas ses [irst contac t 
the unfrozen ocean surface . These regions inc lude the 
northwest  corners of the Pac i fic and Atlantic Oceans , 
the- Norwegian Sea ,  and the Southern Ocean around 
Antarc tic a .  Th e  enormous quant ities of  heat extrac ted 
from the ocean in these regions aggregate to a large 
share of the total planetary heat transport by the ocean 
as a whole . 
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In each region of such intense air-sea heat exchange , 
cold water masses are c reated that s ink to intermediate 
depths in the ocean and migrate slowly into low 
lat itude s .  There they eventual ly resurface , cool ing and 
otherwise modi fy ing the tropical atmosphere . On a 
global scale , this process of  water-mass format ion 
promotes not only a large-scale heat transport within 
each ocean bas in but also a net interbas in transfer of 
heat between the North At lant ic and the tropical Pac i f ic . 
This trans fer is achieved by ocean currents that carry 
the chil led water into the South Atlant ic , then eas tward 
in the c ircum-Antarc t ic current to the Pac ific , where it 
is balanced by a net surface heat gain at lower 
lat itude s .  Such interbas in ocean coupl ing strongly 
reinforces our percept ion that to explain and predic t 
longer-term c l imat ic fluc tuat ions we need a bet ter 
quantitative understanding of  global ocean behavior and 
of the polar a ir-sea-ice interac t ions that contribute to 
such behavior . 

Snow Cover and Cl imate 

Snow cover on land is c learly a resul t  of  trans ient 
weather and c l imate condit ions . But snow may have 
causal roles in c l imat ic change beyond those already 
noted in connec t ion with polar feedback mechanisms . The 
contr ibution o f  polar snow to rais ing the solar 
re flec t iv ity ( albedo) of the Earth is wel l  known , yet 
this is not the only leverage of snow on c l imate . The 
excel lent insulat ing propert ies of polar snow f ie lds 
a l low snow surface temperatures to drop more or less  
independent ly of the temperature s beneath. This drop in 
temperature , in turn,  can result  in a large reduc t ion of  
the overal l  rad iat ive heat loss  in high lat itudes , with 
important consequences for global c l imate . 

Other c l imat ic effects  of  snow cover inc lude al tering 
the net heat ing e ffec ts of  aerosols  present in the polar 
atmosphere , delaying spring warming by absorp t ion o f  
latent energy i n  the proc ess of  ripening and mel t ing and 
altering the stab i l ity of the lower atmosphere that 
affec ts  the form and extent of polar c loudiness in 
spring and sUIIIDer . More subtle effec ts of snow cover 
may extend to an influence on regional atmospher ic 
c irculat ion pat terns . 
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lee Sheets and Cl imate 

The maj or ice shee ts of  Greenland and Antarc t ic a ,  as 
wel l as many lesser ice caps in high lat itudes , owe 
their existence to favorable conditions of  temperature , 
prec ipitat ion ,  and other qualities of  both c l imate and 
geography maintained over long periods of t ime . Changes 
in volume and extent of  such ice bodies occur in 
response to long-term c l imat ic changes .  Net changes o f  
mass o f  a l l  the world ' s  ice bodies contribute t o  changes 
in the volume of water in the ocean s .  To the extent 
that ice bod ies do not displace ocean water the ir mas s  
changes contribute t o  changes of  sea leve l .  I f 
suff ic ient ly large , changes in sea level not only would 
have an impac t on human soc iety in obvious ways but 
would tend to al ter the geography of the wor ld and the 
depth of the interbas in ocean passages that affec t the 
pattern and strength of global ocean c irculat ions . 

The rate and u l t imate magni tude of  changes in the 
major ice sheets that might fol low from future c l imat ic 
changes are uncertain. In view of the spec ial 
importance of  this subjec t ,  i t  is addres sed in more 
de tail in a later sec t ion of this report . 

RESEARCH NEEDS : THE POLAR REGIONS AND CLIMATE DYNAMICS 

Two princ ipal focuses for research effort are needed . 
Firs t ,  models of the global c l imate system should be 
developed in which spec ial attention is devoted to 
c l imat ic processes in the polar regions . Second , a 
bet ter understanding is required of the global-scale 
response of  the oceans to atmospheric changes in po lar 
and subpolar latitudes . 

With regard to model ing requirements : 
Efforts are needed to improve the manner in wh ich 

various polar processes are s imulated in current c l imate 
sys tem model s .  Among these processes are the following : 

o The response of  sea ice to atmospher ic and oceanic 
changes ; 

o The atmospheric effec t s  of  snow cover and sea ice , 
as �e l l  as those o f  other surface charac teristic s such 
as vegetat ion and soil  mois ture , and their changes ; 

o The effec ts of  c loud iness  on the heat budge t of  the 
surface and atmosphere and its changes ; 

o Air-sea interactions in the polar regions and their 
relat ion to ice condit ions ; and 
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o lee-sheet dynamics and the response of ice sheets 
to atmospheric and oceanic changes .  

The katabat ic winds over the Antarc t ic should be given 
high-priority at tention in global c limate models . 
Although neglec ted in current model s ,  these drainage 
winds profoundly influence the surface heat budget over 
the region, inc lud ing that  of the surrounding ocean , and 
indirec t ly modulate the behavior of Antarc t ica as a 
planetary heat s ink. The tendency for these winds to be 
concentrated along ice-s tream channels , and to form 
pers is tent open-water polynyas where these channe l s  mee t 
the ocean , should be stud ied as a mechanism o f  long-term 
air-sea-ice interac t ion. 

Processes of  blowing snow raised by the katabat ic 
winds and of sub l imat ion , should be further examined as 
agenc ies of  potentially s igni f icant mass  and energy 
transport both acros s the boundaries of ic e shee ts  and 
between their var ious par t s .  

Climate models  should b e  deve loped that are capable of 
simulat ing each of two forms of solid prec ipitat ion over 
the ice sheets : snowfall  originat ing from high-lat itude 
storm sys tems and ic e-crys tal depos it ion ( "d iamond 
dust" ) that occurs mos t  commonly under c lear-sky 
condit ions . This capabil ity would be espec ial ly 
valuable in models des igned to assess the mas s  balance 
of ice sheets pas t and present and long-term ic e-shee t 
behav ior . 

Understand ing of atmospher ic blocking pa t terns and 
their var iat ions in frequency of occurrence should be a 
major goal of  c l imate research .  As a fundamental mode 
of atmospheric circulation , b locking plays an important 
role in regulat ing heat transport into and out of the 
polar regions inc lud ing the advec t ion of cold polar a ir 
masses to mid-latitudes in winter . An ab i l i ty to 
pred ic t the onset and termination of blocking pat terns 
would lead direc t ly to more ski l l ful  long-range weather 
forecas t ing in many areas of the world . 

Condi t ions favor in the coexis tence o f  a 

t e reenland lee Sheet , and the 1mpl1cat 1ons for the 
climate of lower lat itudes , should be ·s tudied with 
appropriately des igned c l imate model s .  Such extreme 
polar asymmetry ,  al though believed no t to have exis ted 
at any t ime in the pas t 3 mill ion years , may deve lop in 
the future acc ording to model ing s tudies that sugges t  
that the Arc t ic ice pack may b e  capable  eventual ly of  
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d isappear ing for at leas t part o f  the year in response 
to a future c l imat ic warming ant ic ipated from increasing 
atmospher ic C02 level s .  Further ins ight s into this 
matter could fol low from e f forts  to recons truc t  the 
c l imate of the late Tert iary , from about 13 mil l ion to 3 
mil l ion years ago , dur ing which a s imilar s ituat ion is 
thought to have prevailed . 

With regard to the oceanic response to changes in 
forc ing by the polar atmosphere : 

Ident ificat ion of  the ocean response to changes of  
polar atmospheric condit ions , and c lari f ication of  the 
processes involved , should be pursued by means of  
suitable fie ld studies and model ing strategies . Among 
the least adequately unders tood processes that govern 
the ocean response ,  which should be the princ ipa l  target 
of  this effort , are processes related to the surface 
heat and mois ture exchanges around Antarc t ic a ,  inc luding 
those related to sea ice , and to the subsequent ocean 
transport of beat storage anomal ies to lower lat itudes . 

Variat ions in the production and transport of 
intermediate and bottom ocean-water masses should be 
explored as a potent ial source of pers is tent sea-surface 
temperature anomalies in lower lat itudes and of related 
long-term global c l imat ic fluc tuat ions . Intermediate 
and bottom water masses that occupy a large part of the 
world ocean are formed in the subpo lar regions of  both 
hemisphere s ,  at interannually varying rates , and 
exchanged slowly (on the scale o f  decades and centuries , 
respec t ively)  among various ocean bas ins and with the 
surface water . To an extent as yet unc lear , these water 
mass exchanges may be capab le of  al tering sea-surfac e 
temperature f ie lds in the lower lat itudes , and thus of  
alter ing global-scale c l tmate , over periods of  decades 
and centuries . This pos s ib i l ity should be explored by 

o Analyses of the record o f  sea-surface temperatures ;  
o Chemical and rad ioisotope measurements that trace 

the history and trajec tories of  water masses ; and 
o Improving ocean model s  capable of s imulat ing the 

movements and trans format ions of  water mas ses . 
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The Polar Regions as Windows on the Past 

Paleoc l imatologist&  have made great s trides in the pas t  
two decades in dec iphering the record of  pas t c l imates 
stored in sediments of the ocean floor ,  in ice shee t s , 
and in the tundra and boreal zones of  the far north. As 
the d iverse piec es of  this rec ord have been extrac ted 
and compared , using a var iety of  new experimental and 
stat ist ical techniques , our understanding of the history 
of the Earth ' s c l imate has drama t ically broadened . This 
unders tanding , in turn , has shed new l ight on the 
phys ical  behavior of the c l imate system , on the causal 
mechanisms of  c l imat ic change , and on the range of 
pos s ib i l i t ies  for future change . 

Rather than with the results  of  polar paleoc l imat ic 
stud ies per se , we are concerned here with ident i fy ing 
the diverse polar med ia from which informat ion about 
past c l imates can be extrac ted , the techniques used to 
extrac t such informat ion, and opportunit ies for further 
advances in unders tand ing the record of past  c l imates ,  
with spec ial emphas is on the polar regions . 

Progress  in recons truc t ing pas t c l imat ic changes not 
only provides ins ights into pas t behavior and potent ial  
future behavior of  c l imate but also a ids  in val idat ing 
mode ls  used to assess the physical  mechanisms of  
c l imat ic change . Mode ls  can be tes ted by determining 
how we l l  they s imulate the geographical and seasonal 
dis tribut ions of  global c l imate ; indeed , the bes t of  
models  do rather wel l  in  this respec t .  But that does 
not guarantee that the model s  will  also s imulate a 
trans it ion to some d i f ferent pas t  or future c l imate . 
Paleoc l imat ic recons truc t ions provide us with an 
opportunity to test the model s  in new arenas , to 
determine how wel l  they capture the essence of  the 
phys ical  processes involved in c l imat ic change , and to 
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address  the problem of predic t ing future c l Laate with 
confidenc e .  

POLAR SOURCES OF INFORMATION ABOUT PAST CLIMATES 

Various natural med ia in the polar regions have 
contributed to our knowledge of pas t c l imates and the ir 
variations over a wide range of time scales . The five 
princ ipal med ia inc lude the fol lowing : 

o Ocean-floor sediments :  Core samples of  .such 
sed iments have now been extrac ted in nearly every part 
of the world ' s  ocean bas ins , inc luding the polar 
oceans .  These give the longest  cont inous record o f  
global environmental c ondit ions , extending several 
hundred mil l ion years back in t ime with a resolut ion o f  
the order o f  1000 years . The relat ive distribut ions and 
isotopic composit ion of micro fos sils  at various depths 
in such cores are the main ind icators of  past  cond it ions 
in the ocean , which in turn re flec t  past c l imates . 

o Ice sheets : Ice cores contain a record of  the 
accumulat ions of snow, sometimes resolvable as 
individual annual layers as far back as 10 , 000 years or 
more .  Isotopic analys is o f  such cores not only ass ists  
in  the ident if icat ion of  the annual layers as such but 
al lows recons truc t ion of the variat ions of both snow 
accumulat ion rates and atmospheric temperature at the 
t ime the snow fel l .  Locked in the ice are samples of  
the atmospheric gases and aerosol part ic les that were 
depos ited with the snow. Thus ice cores provide a wide 
range of  informat ion about pas t c l imate variat ions and 
re lated environmental events , with the potent ial for 
trac ing these as far back as hundreds of thousands o f  
years . 

o Lake bottoms and bogs in the Arc t ic and 
sub-arc tic :  The relative abundances of pollen and 
spores in lake bottoms and bogs in Arc tic tundra and 
boreal regions show the types o f  vegetat ion that existed 
when each layer was depos ited , in some cases resolvable 
as annual deposits . From this informat ion ,  the c l imates 
that supported pas t ecosystems can be deduced . In the 
Antarc t ic , however , there are few places where this 
method of  recons truc t ing past c l imates can be applied 
because of an insuffic ient abundance and divers ity o f  
pol len grains there . 

o Trees . Trees growing in subpolar areas contribute 
info�n about variations of  climate during the pas t  
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few centur ies , revealed by variat ions in the ir annual 
growth ring s .  In high lat itudes , the annual growth of  
ind igenous coni fers and dec iduous spec ies is conf ined to 
the relatively short summer growing season ; r ing 
var iat ions re flec t  primar i ly temperature condit ions in 
that season. 

o Polar ground : The ground in polar regions c an 
exh ib it a variety of  d ist inc t ive features or surface 
pat terns that are caused by the act ion of  ground ice in 
permafros t .  Other features are re lated to advances and 
retreats of glac iers ; these provide informat ion about 
pas t glacial mass-balance changes ,  and hence about 
c l imat ic var iat ions occurr ing at the t ime .  The 
temperature distribut ion with depth in the ground is 
capab le of reveal ing temperature trends over the past  
century or  longer .  

In the fol lowing sec t ions we ind ic ate the kinds o f  
informat ion about the pas t that are contained in these 
natural polar med ia and the means by which this 
information can be extrac ted . 

OCEAN-FLOOR SEDIMENTS 

Some 1 0 , 000 sediment core s ,  extrac ted from the ocean 
floor in widely scat tered areas of  the wor ld , l ie in 
refrigerated s torage in u. s .  repos i tories . To dec ipher 
the paleoc l imat ic record that they contain , it  is 
essential  first to be ab le to infer the age of each 
layer of core in which c l imat ic changes have left 
dist inct ive s ignatures .  Four general types of  methods 
are used to estimate that age : 

o Detec t ion ( in suff ic ient ly long core s )  of  reversa l s  
o f  the magnetic f ield of  the Earth that are recorded 
simultaneous ly in bot tom sed iments around the world . 
The last c lear ly ident i fiable  magne t ic reversal was 
about 7 3 0 , 000 years ago . The ages of  younger core 
layers are then interpolated by assuming cons tant 
sedimentation rates between that t ime and the present . 

o Appl icat ion of rad ioisotopic dat ing procedures : 
Carbon-14 can be used in dat ing core layers back about 
20 , 000 years . The rad ioac t ive uranium series can be 
used for older layers ,  back more than 10 0 , 000 years . 
Potass ium/argon dat ing can be used for layers dat ing 
back to the last reversal of the magnet ic f iel4 and 
beyond . In comb inat ion with these procedures ,  further 
re finement of age determinations is poss ible by scal ing 
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to the Milankovitch cyc les . In this way , the chronology 
of  deep-sea corea can be estab l ished with a potent ial 
accuracy of  a few thousand years through the last 
mil lion years in spite of  changes of  aediaentat ion rate 
l ikely to have occurred during that interval .  

o Detec tion o f  ch•uaef in the rat io of  the stab le 
isotopes of oxygen < 180/ 6o )  in calcareous 
bottom-dwelling microfoss ils . This rat io re flects  the 
isotopic composition of  the seawater from which the 
mic ro-organisms built  up their shells  while al ive . The 
sea-water ratio , in turn, varies near ly in paralle l 
throughout the oceans , in response to change in the s ize 
of  the ice sheet s .  Because the isotopes in the water 
mix completely within about 1000 years , cores 
cons iderab le d istances apart , even those in different 
ocean bas ins , can be cross -dated and all such cores 
l inked to a master chronology . 

o Detec tion of sequences of  change in micro foss i l  
assemblages common t o  those i n  other ( longer ) cores from 
the same region of the ocean that are able to be dated 
by other means . 

A princ ipal object ive of  analys is  of  ocean-floor 
sed iments is the estimation of past changes of ic e-shee t 
volume and wor ld sea levels . In the process o f  
evaporat ion of  ocean water ,  fr•�tionat ion occurs between 
molecules of water containing 1 80 and 16o , in favor 
of the l ighter and much more abundant isotope attaining 
the vapor phase . There fore , snow depos ited on the ice 
sheets is relat ively de f ic ient in 18o .  During periods 
of ice sheet arowth,  the oceans accumulate exces s 18o 
relative to 1 5o ;  during ice sheet decay , the opposite 
is true . These changes in the isotopic composit ion o f 
ocean water are incorporated into the calc i t ic shells  o f  
bot tom-dwell ing micro-organisms l iving at the t ime . As 
the remains of succeeding generat ions of  these organisms 
are buried in the bottom aed iaent a ,  the t ime variations 
of  the globally aggregated volume of  ice are re flec ted 
in the sediment s ,  albeit with some imprec ision because 
not all  ice sheets have ident ical 18o compos it ion. 
These variat ions trans late d irec t ly to informat ion about 
ocean volume , a fac t that has been corroborated in two 
ways :  by studies of datable mar ine terraces on 
tec tonically stable or upl ifted is land coast s  and by 
mapping of terminal moraines of glac iers and ice sheets 
to es timate ice volume direc t ly .  Although prob lema of 
interpretat ion remain ,  such independent sourc es of  
informat ion are now c onverging to a cons istent pic ture 
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of the success ion of  changes of  both ice volume and sea 
level during the past several glac ial cyc les . 

A second princ ipal object ive of  analys is o f  ocean 
sed iments is estimat ion of  pos it ions of  water masses and 
of temperature fie lds at the sea surface . The 
geograph ical distribut ion of  surfac e-dwel l ing microfos s i l  
assemb lages in sediments deposited at a given t ime in 
the past typically shows coherent pat terns s imilar in 
form to , but somewhat d isplaced from , modern-day 
patterns . Such distribut ion pat terns have a cons istent 
re lat ionship to the pos it ion of  maj or current sys tems , 
ocean water mas ses , and sea-surface temperature fields . 

Es timat ion of  pas t  extent o f  sea ice , a third obj ec t ive 
of analys is of ocean sed iment s ,  is on a less quantitat ive 
foo t ing than es t imat ion of sea-surface temperatures .  A 
number of l ines of evidence , however , are cons is tent 
with the presence of  subs tan t ial ly increased sea-ice 
cover in both hemispheres dur ing the last glac ia l 
maximum about 18 , 000 years ago . This conc lus ion is 
bas ed mainly on s tudies of  micro foss i l  assemblages in 
which it is recognized that primary produc t ivity of  
micro-organisms is inhibi ted by  permanent sea ice .  
Pr imary produc t ivity determines the kinds o f  organisms 
that can exist in the presence of sea ice and the rate 
at which the ir remains accumulate in the sed iments . 
Add it ional informat ion about ice extent comes from 
de terminat ions of  the d is tribut ion , thicknes s ,  and 
equatorial l imit of  ic e-ra fted terrestria l  materia l , 
notab ly volcanic ash , depos ited on the ocean floor when 
and where the ice mel t s .  

GLACIAL ICE 

Cores extrac ted from the ice sheets  of Greenland and the 
Antarc t ic and from certain lesser Arc t ic island ice caps 
contain a high-resolut ion record of c l imat ic change in 
pas t  centur ies and mil lennia . The important ini t ial 
s tep of  dat ing the layers of  an ice core , to estab l i sh 
the absolute chronology o f  the c l ima te record it  
contains , is approached where pos s ible  by d iscerning 
each year ' s  contribut ion to the snow (or ice-cry s tal)  
accumulat ion . In some cases annual layers can be 
reso lved as such by s tab le- isotopic analysis and other 
means as far back as about 1 0 , 000 years be fore present .  
Dat ing of  s t i l l  older ice layers is  less  prec ise and 
�gpendft on rad ioisotope dating (e . g . , 14c ,  lOBe , 

Cl ,  5Kr ) ,  on model ing of  the dynamics of  the ice 
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mass ,  or on correlat ions of  features in the core with 
independent ly datab le environmental events  having a 
l ikely causal connec t ion with such features ( for 
example , sul fate-enriched ice layers correlated with 
known volcanic eruptions ) .  

For several reasons re lated to information content  o f  
the ice , to logis t ic fac tors , and to differences in 
drill ing technique involved , ice cores are d ivided into 
three general  categories according to depth of  
penetrat ion ,  as  shown in  Tab le 2 . 

TABLE 2 . Categories o f  Ice Cores 

Category Depth 

Shallow To 1 50 a 

Intermediate To 600-
900 m 

Deep ( to To greater 
bedrock)  than 1 km 

T�e Span• , Resolution• 

100 to 5 , 000 years ; 
annual layers clearly 
ident ifiab le 

1 , 000 to 3 0 , 000 years ; 
annual layers may be 
ident ifiab le up to 
10 , 000 yegrs 

Possib ly 10 years in 
Greenland , and 2 -3 x 
106 years in 
Antarc t ica ; resolut ion 
and dat ing prec ision 
degrade rapidly on 
approach to bedrock 

•Depends on snow accumulat ion rate . 

On a high polar ice sheet or glac ier where l ittle or 
no summer mel t ing occurs , the new snowfal l  (or 
ice-c rys tal prec ipitat ion) each year buries a l l  older 
snow ( firn) .  The underlying layers are compac ted by the 
added weight . Eventually , the firn is trans formed by 
the inc reas ing overburden pressure into glac ial ice ; the 
intercrystal l ine air spaces or pores are c losed of f into 
bubbles , preserving samples of the atmosphere and i t s  
gaseous composit ion a t  the t �e and level the snow was 
depos ited . Everything else that was deposited with the 
snow or as dry fal lout--organic and inorganic materi� l ,  
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soluble  and insoluble part ic les-- is also preserved with 
l it t le or no degradation for many thousands of  years . 

Much informat ion about pas t c l �ates and about 
environmental condit ions related to c l �ate can be 
gleaned from ice cores by analys is of a wide range of  
phys ical charac ter is t ics  of  the ice and its  laminations 
and of the chemical composit ion o f  the ice , foreign 
sub s t ances , and trapped gases . Analysis of  any pollen 
grains and other organic material present in the ice 
also c ontr ibutes to knowledge . Measurement of  the bu lk 
dielec tric propert ies of  the ice is useful for 
interpre tat ion of internal re flect ions of radio waves as 
observed with airborne sc anners  that reveal subtle  
inhomogene it ies in  the interior of ic e sheets over wide 
areas .  Each of these d iverse measurement s  gives 
dif ferent but complementary informat ion about pas t 
cl imates ,  some of  it resolvable on an annual --even 
seasonal--bas i s . 

Isotope Chronology 

Stab le isotopes have bec ome the bas is of sens i t ive new 
analyt ical techniques in glac ial s trat igraphic 
fga lys i s .  The rat io of  two such isotopes , 18o and 

O , has been ment ioned in connec t ion with 
ocean-sediment cores . In the case of  snow or 
ice-crys tal prec ipitat ion accumulating on an ice sheet ,  
this ratio i s  d irec tly influenced by the temperature at 
which the prec ipitat ion part ic les are formed in the 
atmosphere . ( The ratio is more posit ive when the 
temperature is higher . ) Each year the 1 8ot l 6o rat io 
of  the snow var ies between summer and winter , provid ing 
a s ensit ive technique for count ing years . In some areas 
with high rates of  snow accumulat ion , this technique can 
be used to ob tain we ll-dated chronologies back as far as 
1 0 , 000 years or more . The 1 8ot l 6o ratio also 
reveals  the longer-term changes in temperature in the 
atmosphere at levels  of snow formation and the 
re lat ionsh ip of snow accumulat ion rates to temperature . 
These dat a ,  in turn , a l low compar isons between c limat ic 
changes in the northern and southern hemispheres and 
corre lat ions between temperatures and such causa l ly 
re lated fac tors as ash and sul fur output from volcanic 
erupt ions , also recorded in the ice .  

There are about ten different rad ioisotopes found in 
measurable amounts  in ice cores . Some are as soc iated 
with the water m?lecules (mainly deuter ium and trit ium) ; 
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other s ,  with the entrapped air (mainly l4c ) ; and s t i l l  
others , with par t ic les o r  dissolved foreign mat ter (a 
variety of isotopic species ) . Fal lout of  several 
shorter-l ived radioisotopes from atomic tes ta conduc ted 
s ince World War II show c lear ly in the upper firn 
layers ; these , together with natural tri t ium and 
210pb , can be used as aida in dat ing ice aaaplea back 
30 or more year s .  In older layers several longer-l ived 
radioisotopes can be ffed for dat ing back about 1 , 500 
years . Beyond that , C offers the only rel iable 
radioac t ive dat ing of  ice at present (back about 2 0 , 000 
years ) , although there are other rad ioac t ive spec ies 
that are potentially available for dat ing in this same 
age range and even beyond . 

Measurements of  14c var iat ions with depth in ice 
cores that are prec isely datable by other means have 
add it ional c l imate-related value . Such measurements 
provide a means of  cal ibrat ing the rad iocarbon "c lock" 
beyond the l imit of  about 8 , 000 years achievab le from 
tree-r ing analys i s .  Moreover ,  the 14c variat ions 
themselves , which ar ise from changes in the flux of 
cosmic radiat ion at the Earth caused by changes of the 
magne t ic f ie ld of  the sun , are a measure of longer-term 
variat ions of solar ac t ivity that have been impl icated 
as a cause of  c l imat ic changes on Earth. 

Chemical  Signals in the Ice 

The or iginal chemical composit ion of  new-fal len snow or 
ice c rys tals is preserved essent ial ly without change in 
ice as old as 120 , 000 years . The remoteness o f  mos t  
polar ice masses from sourc es of natural and 
anthropogenic aerosols means that the trace chemical 
impurit ies found in the ice tend to re flec t  regional or 
global -scale atmospheric burdens of  those subs tances 
whether of  marine , terrestria l , or extraterrestrial 
or1g1n .  Chemical analys is of  ice cores is a promis ing 
way to inves t igate his torical variat ions of the 
background atmospheric content of trace gases and 
partic les and to assess the contribution of human 
ac t ivities to them . 

New developments in the chemical analys is o f  polar 
ice ,  potent ial ly important in unravel ing the causes o f  
c l imat ic changes , inc lude the following : 
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o Ident i f icat ion of ice layers containing enhanced 
concentrat ions of sul fate ions and various trace spec ies 
cons istent with a volcanic sourc e and ver ificat ion of  a 
volcanic source by c ross-dat ing with known erupt ions . 
This procedure may al low the recons truc t ion of  a 
de tailed chronology of  his torical volcanic ac t ivity not 
otherwise possible and lead to a more rel iable 
assessment of the contribut ion of  volcanic erupt ions to 
pas t c l imat ic changes .  

o Ident ificat ion o f  variat ions o f  nitrate ion 
conc entrations in Antarc t ic firn during the pas t  century 
and evidence o f  their correlat ion with variat ions of  
solar ac tivity on the t ime scale of  the 1 1-year sunspot 
cyc le . This corre lation ,  which remains to be 
independently verified , may enable the reconstruct ion of 
variat ions in solar ac t ivity extending back at leas t 
10 , 000 years .  

o Determinat ion from ice cores that the 
concentration of  C02 in the atmosphere was only about 
60 percent of its present value dur ing the las t glac ial 
maximum about 20 , 000 years ago . The same analyt ical 
technique may be capable of  provid ing a more detai led 
chronology of C02 variat ions during and since the las t 
ice age . 

POLLEN IN THE TUNDRA AND BOREAL ZONES 

Analys is of  po llen grain spec iat ion in natura l 
sedimentary depos its  of  the higher lat itudes , primar ily 
lake bottoms and bogs but also glac ial ice ,  is the realm 
of palynology . Pol len analys is is a major source o f  
informat ion about var iations of  c l imate in the Arc t ic 
and sub-Arc t ic , part icularly in the pos tglac ial per iod . 
On the other hand , it  is of much more l imited 
appl icabil ity in the Antarc t ic because of  the rarity of 
organic depos its there that c ontain a use ful divers ity 
of pol len spec ies .  

Both tundra and forest zones o f  the Arc t ic are 
populated by many var ieties of plant s .  Over the course 
of a summer any recessed surface in those zones will 
tend to collec t  a depos it  on the order o f  20  to 100 
dif ferent pol len spec ies . Much of this "pollen rain" is 
of local or igin , bdt some may be imported by winds from 
cons iderable dis tances away . Over the years the 
accumulat ion of po llen-bearing sediment s in lakes and 
bogs , on rare occ as ions recognizable as annual depos its , 
provides a record of  the local  pollen rain and any 
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variat ions in spec iat ion that re flec t longer-term 
changes in the ecosystem . 

Because the complexion of  both tundra and boreal 
vegetat ion is related to contemporary c l imate ( primarily  
to  summer temperature and secondarily to  prec ipitation) , 
variat ions of  pollen spec iat ion with depth in cores 
extrac ted from high-latitude deposits , plotted in 
"pol len d iagrams , " are an index of c l imat ic variat ions . 

As with ocean sediments and ice cores , dat ing o f  the 
pol len core layers is a cruc ial s tep . Here , l4c 
dat ing procedures are usually well  adapted to the 
organic composit ion and the typical age range of  the 
deposits and allow accurate dat ing back about 2 5 , 000 
years . However , problems can ar ise because the deposit s 
are sometimes dis turbed by the mechanical ac t ion of  
ground ice  or  cont�inated by  younger carbon in plant 
rootlets  that have penetrated from above . In the case 
of lake beds , ice scouring of  the banks can cause influx 
of  "old" terrestrial vegetat ion into the bottom 
sediment s .  In some Arc t ic regions , the rate o f  
accumulat ion of  organic material in the sediments is  so  
s low that subs tant ial thicknes ses of  core , spanning a 
wide range of  ages , are required to prov ide suffic ient 
c arbon for each date determinat ion. 

Pollen diagrams from the northern polar regions are 
available from Alaska , Canada , Greenland , Spitsbergen , 
and the Sov iet Union . Together , these might make 
pos s ible a detai led recons truc t ion o f  his torical and 
postglac ial climat ic changes and the ir geographic 
patterns over the Arc t ic as a whole . The convers ion o f  
informat ion about t ime var iat ions of  pollen spec iat ion 
to informat ion about variat ions of c l imate , based on 
multivar iate s ta t is t ical-trans fer-func t ion techniques , 
is  a success s tory no less s ignificant than the 
appl icat ion of s imilar techniques to the c l imat ic 
interpretat ion of  changes in micro fos s i l  assemblages in 
deep-sea sed iments and more recently to the 
interpretation of tree-ring variat ions over wide areas 
in the lower lat itudes . In mos t tundra areas , however , 
ful l  real izat ion of  the potent ial of  this procedure is  
inhib ited by  the lack of  taxonomic pol len keys that 
extend to the spec ies leve l .  Such a leve l o f  
discrimination in pollen ident ificat ion has been 
pioneered in Greenland . The rel iable es t imat ion o f 
relative pol len populat ions usually requires the 
individual ident ificat ion of  at leas t 100 pol len gra�ns 
at any given level in a sed iment core . 
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TREE RINGS 

The great boreal forests o f  the north circumpolar 
regions , populated mainly by evergreen conifers but 
often intermixed with a variety of hardy dec iduous 
spec ies , extend northward to fairly well-def ined Arc t ic 
tree l ines in both North America and Eurasia .  
Relatively isolated s tands o f  such trees are found also 
in more polar lat i tudes , for example , in the Brooks 
Range in Alaska . These trees , l ike those in alpine 
areas at lower lat i tudes , add new growth each year only 
dur ing the short summer growing season and with a vigor 
that varies from year to year depend ing primarily on 
var iat ions of local air temperature , snow condit ions , 
and insolat ion. The changes in growth are re flec ted in 
the varying widths and other charac teris t ics  of  the new 
wood added each year , evident in cores extrac ted from 
their trunks by increment bor ing tools  to reveal the 
sequence of annual growth rings over the l i fet ime o f  
each tree . By a judicious comb ination of  measurements  
of such rings from many trees o f  the same spec ies in an 
area , in some cases inc luding measurements on fal len 
dead wood that tends to be we l l  preserved in the dry 
polar cold , prec isely dated tree-r ing ind ices extend ing 
back through several centuries can be developed for some 
polar regions . Mul t ivar iate s tatis t ical techniques can 
then be appl ied to these indices , us ing recent weather 
records for cal ibrat ion , to extrac t informat ion about 
the interannual variations and longer-term changes o f  
temperature and prec ipitat ion in the Arc t ic .  

POLAR GROUND PHENOMENA 

A ub iquitous form of ice in the polar regions is ground 
ice , present in the perennially frozen ic e-soil  mat r ix 
in areas where ground temperatures tend to remain below 
0°C (de f ined as permafros t ) . Together with glac iers , 
ground ice can scu lpt the polar landscape , leav ing 
telltale s igns of  pas t c l imat ic condit ions . Glac iers , 
however ,  can later advance over some o f  these creat ions 
and obl iterate them . 

In permafrost , which has a relat ively low thermal 
conduc tivity and large spec i f ic heat , the distribut ion 
of temperature with depth below the surface reflec t s  
mean annual ground-surface temperature cond it ions in 
former times . For example , a s tudy of the temperature 
profile in a deep permafros t borehole near Point Barrow , 
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Alaska , indicates that the mean annual ground-surface 
temperature has warmed about 4°C since 1 8S O ,  about 
hal f the increase having occurred s ince 1930.  The 
distribution of  permafrost in deeper layers be low ground 
in many regions of  the Arc tic and sub-Arc t ic is not in 
accord with that expec ted under condit ions o f  
equil ibrium with present c l imate ; rather , it  i s  a 
vest ige of the ice age . 

Pingos --conical ice-cored mounds that range from 20 to 
400 m in diameter and up to 70 m in height--are s triking 
features of Arc t ic and sub-Arc t ic terrain. They are 
formed when mas s ive layers of  ground ice grow near the 
surface of  permafros t .  When mean annual air 
temperatures at the t iae of  format ion are lower than 
about -S°C , pingos have a different struc ture from 
those formed at higher mean annual air temperatures . In 
areas where the climate bas s ince become warmer and the 
ice melted , the remains o f  pingos , or pingo scars , g ive 
an indicat ion of pas t  permafrost  conditions and the 
range of  mean annual air temperatures that prevailed . 

lee wedges , another feature of  permafros t terrain , are 
formed when water freezes in cracks opened by 
contrac t ion in the permafrost and the freez ing process 
is repeated over a period of  many years . These 
wedge-shaped ice masses can appear as vert ical or 
inc l ined d ikes frequently exceed ing 1 m in width and a s  
much a s  10 m in depth be low the surface . Ice wedges 
grow only in permafros t and are part icularly we l l  formed 
when the mean annual air temperatures are lower than 
about -S°C . Ice wedges are part of  a 
three-d imens ional polygonal network o f  ice , visible  as 
"polygonal ground" in many tundra areas . 

When permafros t thaws as a result o f  a prolonged 
warming trend and leads to mel t ing of the ice wedges , 
the cavities le ft  by the wedges may fill  with 
sed iments . Such ice wedge "cas ts"  are widespread in the 
sub-arct ic and are remnants of the Wiscons in ice age in 
areas when mean annual temperatures were -S°C or lower . 

A land form indicat ive of  former snow-l ine altitude , 
and mean annual air temperatures o f  about -10°C , is 
the cryoplanat ion terrace . Such terraces are large 
bedrock s teps on ridges or hilltops , developed gradual ly 
over long periods by eros ional effec ts o f  fros t act ion 
and mel twater flow along the margins o f  perennial snow 
fields . 

Taken together , these and other geomorphic featureJ 
pecul iar to the polar regions are valuable  c lues to pas t 
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c l LDates and their changes on a variety of  t ime scales , 
notwiths tand ing problems o f  accurate dat ing o f  the t imes 
of their format ion. 

In addit ion to the processes in frozen ground , there 
are deposits  of soi l , grave l ,  or boulders attributable  
to  the scour ing ac t ion of  glac iers . Glacial depos its  
y ield a variety of  information of  ind irec t value in 
recons truc t ing pas t c l imates , inc luding the areal 
d istribution of glac ial ice at spec ific t imes in the 
pas t , the fluc tuat ions of glac ier termini through t ime ,  
and the former al titudes o f  the snow l ine on mounta in 
glac iers where accret ion of snow is balanced by ab lat ion 
( evaporation plus mel t ing ) . 

The recons truc t ion of  pas t  c l imat ic changes from such 
information is not always unaabiguous bec ause d i f ferent 
comb inat ions of  changes of seasonal temperature and 
prec ipitation can result  in s imilar glac ial response s .  
Yet , this kind o f  effort provides much valuable ins ight 
into the his tory of c l imate during both glac ial and 
pos tglac ial t imes , espec ial ly when coupled with model ing 
s tudies of glacier dynamic s .  Of spec ia l interes t is the 
use of such informat ion to determine more exac t ly the 
extent of pas t cont inental ice shee t s  in North Amer ic a 
and Europe , from which the c l imat ic condit ions that 
prevailed at various stages of the sequence of 
Quaternary glac iat ions can be inferred . 

RESEARCH NEEDS : THE POLAR REGIONS AND PAST CLIMATES 

Several paral lel  research efforts  are needed to exploit 
more ful ly the great po tentia l  of  polar sedimentary 
deposits  to es tabl ish the chronology o f  pas t c l imat ic 
variat ions and to clarify the environmental processes 
respons ible for such variations . 

Available ocean-bottom cores should be more 
intens ively analyzed , with spec 1al attent 1on to 

o Developing and apply ing techniques to determine 
past d istributions of  sea ice and the ir fluc tuat ions 
(espec ially by analys is of  biogenic remains and 
ice-rafted detritus rec overed in the core s )  and 

o Re f ining time-control techniques to make poss ible 
improved absolute dat ing and interhemi spheric 
correlat ions of c l imat ic events . 

Longer ,  high-depos ition-rate cores of ocean-floor 
sediments in high-latitude areas should be col lec ted , 
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taking advantage of newly available hydrau l ic pis ton 
coring technology , for the purpose o f  

o Improving the t ime resolu t ion of c l imatic 
var iat ions re f lec ted in sediaents and 

o Extending the per iod o f  record of pas t c l iaates . 

A vigorous program to acquire and analyze polar ice 
cores should be maintained over the next decade , with 
focus on 

o Developing fas t-operat ing , l ightwe ight ice-core 
dril l ing devices for both sha l low and intermediat e-depth 
cor ing , as wel l  as more ful ly exploi t ing exi s t ing 
deep-dr ill ing technology , and 

o Pursuing a geographically broadened ice-cor ing 
program in both polar areas , with a suitab le balance 
between shal low , intermediate , and deep cores , backed by 
a s trong laboratory core-analys is program in which a 
vide range of measurements c an be made in support o f  a 
variety of c l imate-related ob j ec t ive s .  

An intens i f ied program o f  po llen analys is o f  sediaenta 
in tundra and boreal regions should be supported as a 
source of information on the c l imatic his tory o f  the 
higher lat itudes , part icularly the Arc t ic and 
sub-Arc t ic ,  with the princ ipal aLas o f  

o Improv ing understanding o f  the geographic 
d istribution of pre sent-day pol len rain in Arc tic and 
sub -Arc tic areas , as required for the interpretat ion o f  
past pol len changes revea led b y  lake and bog sediaent 
analyses in high-latitude regions and of their 
connec tion with c l imatic var iat ions ; 

o Collect ing a larger number of long lake-sediment 
c ores at strategic s ites throughout the northern pol ar 
regions as a means of provid ing a c l earer , more 
geographic a l ly detai led h is tory of vegetat ion and 
c l imate in both the Holoc ene and pre-Holocene per iods ; 
and 

o Improv ing the accuracy o f  dat ing o f  the large 
number of Arc t ic peat samples and c ores already 
col lec ted , as needed to re f ine correlat ions of t iae 
hor izons among d i f ferent s amples and to fac il itate 
prompt evaluat ion o f  newly c o l l ec ted s amples . 

High-qua l i ty glacial-geologic mapping o f  former ice 
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sheet s  in both the Arc tic and Antarc t ic is needed to 
c larify the dynamic behavior of  the ice sheet s  and their 
changes with t ime .  with spec ial reference to 

o Dist inguishing between marine and terrestrial 
components . ice shelves . and ice s treams ( imbedded 
glac ier s )  and 

o Inves t igat ing the extent to which var iations o f  
the ice sheets  have been parallel i n  the two hemispheres 
during the Quaternary . which would presumab ly involve a 
l inking effec t of global sea-level changes . 
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The Polar Regions: A Concem for the Future 

The polar regions influence global-scale c l �at ic 
changes , which, in turn , influence the polar regions . 
Sea ice ,  glacier s ,  ice sheets , and the amount o f  snow on 
land are all affec ted . Here , we emphas ize the s i tuat ion 
with regard to the major ice sheet s ,  the main concern 
being that ' changes in s ize o f  ice sheets can affect 
worldwide sea level . Future changes o f  sea level , i f 
suffic iently rapid , would displace the many densely 
populated communit ies s i tuated along the coas ts  o f  the 
world , at potent ially enormous soc ial coa t . Sea levels  
have risen and fal len many t imes in the past , aomet �es 
by 100 m or more , from such a cause . Little is known , 
however ,  about the rates o f  change o f  sea level that are 
pos s ible  when polar ice sheets are d is turbed by c l �t ic 
changes of  the sort that may occur in the decades and 
centuries ahead . 

RESPONSES OF GLACIERS AND ICE SHEETS 

The world ' s  ice masses , from the 
glac iers to the great ice sheets 
Greenland , are dynamic ent itie s .  
a var iety of  modes o f  behavior . 
four such behavioral modes : 

smal les t a lpine 
of Antarc t ica and 

They can assume any o f  
There are bas ically 

o Stable steady s tate , in which the ice mass 
remains essentially unchanging in s ize or shape unless 
there is a change in some external environmental 
condit ion. 

o Cyc l ic s teady state , in which the s ize and shape 
of  the ice mass  change in a periodic or quas i-period ic 
way , ent irely as a result o f  internal causes . When 
averaged over a t U.e that is long compared with ita  
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natural per iod . the propert ies of  this ice system can 
resemb le those o f  a stable sys tem . 

o Unstable  s teady s tate . in which the s ize and 
shape of the ice aaaa remain unchanged as long as 
environmental condit ione remain unchanged .  but the 
response to even a temporary environmental change is  
irrevers ible . I f  the original environmental condit ions 
are restored . the ice mass will not neces sar ily re turn 
to ita  original s ize and shape . 

o Trans ient state . in wh ich a change in the s ize 
and shape of  the ice mass occurs without any change of  
environmental conditions . Generally . though not 
necessar ily . this change involves a trans it ion from one 
kind of s teady s tate to another .  

A t  a certain s tage of  the behavior of  an ice mass in 
cyc l ic s teady atate 1 the lower port ion of the ice mas s 
may be in relatively rapid mot ion (e . g  • •  advanc ing ) . 
with a thinning of  the upper port ion . a c ondit ion 
referred to as surging. As many as 10 percent o f  all  
val ley glac iers surge at more or lea s period ic 
interval s .  Such behavior might also be a property o f  
maj or ice-sheet drainage bas ins . but this pos s ib il ity 
remains to be ver i f ied . 

The response of  an ice shee t or glac ier to a c l imat ic 
change depends to an Lnportant extent on whether it  is a 
terrestrial body of  ice 1 mainly res t ing on land that is 
above sea leve l (as are moa t Arc t ic and alpine glac ier s . 
the bulk of the Greenland Ice Sheet .  and moat  of  the 
East Antarc t ic Ice Shee t )  or whe ther it is a marine body 
of ice . mainly grounded below sea level (as is moa t  of  
the Wes t  Antarc tic Ice Sheet ) .  Marine ice sheet s are 
l ikely to show the greater . and the more rapid . 
adjustment in total ice volume to a change o f  c l imate or 
sea level .  

lee sheets that flow into the ocean may develop 
float ing ice shelves that extend some dis tance from the 
part that 1a grounded . Examples are the Rosa and 
Filchner-Ronne Ice Shelves of  Wes t  Antarc t ic a .  The 
presence or absence of an ice shelf  is cons idered l ikely 
to have an important bearing on the re sponse of the main 
ice sheet to changes in c l imat ic forc ing . 

Terrestrial Ice Shee t s  

lee is  pla s t ic and can slowly de form and c reep . Moa t 
ice sheets flow away from one or more high centra l 
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regions .  In the past decade , glac iologis ts  have 
contributed much to the understanding of  the shapes , 
flow pat terns , and other propert ies o f  such ice sheets . 

Many kinds o f  models o f  ice-sheet behavior have been 
developed in efforts to duplicate the three-d�ens ional , 
nonsteady-state , nonl inear flow o f  real ice sheet s .  One 
group of  models  ( so-called "zero-balance models" ) is 
use ful for c larify ing many aspec ts of ic e-sheet flow and 
can be readily trans formed into a t �e-dependent mode to 
predic t  how an ice shee t might respond to changing 
cl imate . Among the kinds of  models that lend themselves 
to such predic tions are two-d�ensional t �e-dependent 
model s  that treat an ice sheet as i f  it were an 
assemb lage of ice columns rest ing on bedrock o f  a 
spec ified topography . In these models , however , such 
essential properties as vert ical gradients in stres s , 
veloc ity , or temperature must  be parameterized ; the same 
holds true for any mechanism o f  sl iding over the 
underlying bedrock. Another type o f  t �e-dependent 
model s ,  known as flowline model s ,  is in some respec ts  
the mos t  promis ing of  all . In this type , ice flow is 
modeled in terms of  two-dimensional sec t ions along a 
flow trajec tory , ful ly incorporating gradients in 
vertical planes but requiring parameterizat ion for 
processes act ing transverse to the flow. Basal s l iding 
can be incorporated us ing several poss ible  s l iding 
mechanisms . Exper iments with flowl ine model s  have been 
succes s ful in s imulat ing observed glac ier surges ,  and 
also surgel ike behavior in a large ice sheet through the 
use of a hypothetical "fric tion lubricat ion" mechanism 
that is presumed to govern basal s l id ing . Such a 
mechanisa has been confirmed as physically val id by 
laboratory experiment , but its s igni ficance for actual 
glac iers and ice sheets cannot be dec ided without a 
ful ler understanding of  their overall basal water 
balanc e .  It  should also be emphas ized that surging is  
not yet  known to  be a characteristic o f  any part of  the 
Antarc t ic or Greenland lee Sheet s .  

Marine lee Sheets 

A number of theoretical two-dimensional models o f  marine 
ice sheets ( those grounded below sea level )  show that 
such ice sheets can be either stable or inherently 
uns table , depending on the depth and shape o f  the bed on 
which they res t . This behavior suggests that a rise in 
sea level could lift  the marginal port ions of a marine 
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ice sheet suf f ic ient ly for them to become part o f  the 
adj acent floating ice shelves . The presence  or absence 
of underwater s i l l s  near the margin o f  a mar ine ice 
sheet , such as those exis t ing in the Roes and Weddel l 
Seas that adjoin Wes t  Antarc t ic a ,  is a critical fac tor 
in determining whether the ice sheet wil l  be s tab le or 
uns table for a given sea level . 

Ice s treams are a feature of  both marine and 
t erres tr1al 1ce sheets  that may play a c ruc ial role in 
ice-sheet respons e .  The term re fers to fas t-flowing 
currents of  ice within the body of  an ice sheet , bounded 
by much s lower-moving ice . Model s  inc orporat ing ice 
s treams in real is t ic detail are s t i l l  in an early s tage 
of development . Ult �tely ic e-shee t model s  mus t be  
able not only to generate their own ice  s treams but also 
to re late movement of  the ice-sheet ground ing l ine , 
part icularly in the ice s treams , to such fac tors as 
downdraw of  the ice s tream drainage bas ins and the 
behavior of any fringing ice she lves . 

A few studies with three-dimensional models  have been 
made of the response of mar ine ice sheets  to a rise in 
sea leve l , such as the r ise that began short ly after the 
las t  glac ial maximum, about 16 , 000 years ago . Some of  
these s tudies tend to conf irm that a marine ice shee t 
depends for its survival on the ice shelves that 
surround it . Thus ,  the vulnerabil ity of such an ice 
sheet to c l imatic warming would depend on the 
vulnerabil ity of its  ice shelve s .  If eo , and i f  r1s 1ng 
temperatures in the air and the surrounding seawater 
were to lead to the disappearance of ice shelves ,  then 
rapid shr inking of the mar ine ice sheet would follow.  
However ,  opinions are widely d ivergent on the speed with 
which such ice shelves as those of  Wes t  Antarc t ica would 
res pond to temperature change s .  Moreover ,  the mos t 
advanced model studies carried out eo far suggest  a much 
less pivotal role for the ice shelve s . 

Ice-sheet ins tab i l i t ies of  one kind or another are an 
inherent ingredient of many of  the model ing concepts 
discussed in this report . Models  based on such concepts 
cannot suffice to verify whether ac tual ice sheet s 
pos sess such ins tab i l i t ies , but compar isons between 
mode led and ac tual ic e-sheet features can provide 
valuab le c lues as to their real ity . In any c ase , the 
models are valuable as testbeds for evaluat ing proposed 
ins tab i l ity mechanisms and the ir cons istency with known 
past and present ic e-sheet behavior . ·  
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EVIDEMCE FOR PAST CHARGES 

The record of  the interplay of  pas t changes in the 
extent of  sea ice 1 in the volume o f  land ice . and in 
c l �te might provide pos s ible analogs o f  future 
events . As indicated earl ier in this report . the mos t  
l ike ly outcome of human ac t ivities (e . g  • •  burning o f  
foss il fuels ) i s  a c liaat ic warming . Th e  s tate o f  the 
cryospbere during pas t  intervals  that were warmer than 
the present one is . therefore . o f  part icular interes t .  

· Sea Ice 

Var iat ions of  the extent of  sea ice dur ing the pas t 
s everal mill ion years can be inferred to some extent 
from analys is of  ocean-sed�ent cores . By this means i t  
can b e  surmised that during the las t glac ial aax�um . 
about 18 1 000 years ago . sea ice in the North At lantic 
extended far south of its  present winter max� extent 
near 50° N in the vicinity o f  Newfoundland . In the 
Arc t ic Ocean there is good evidence for the 
uninterrupted presence of sea ice during the las t 
700 1 000 years 1 and poss ib ly during a much longer period . 

In the Antarc t ic . the sed�entary record sugges ts that 
dur ing the last  glac iation (between 100 1 000 and 15 1 000 
years ago ) the sea ice in the Southern Ocean extended 
substant ial ly farther north than at present . 
part icular ly in summer . 

Ice Sheet s  

Chanfes in the global-total volume o f  ice on land affect 
the 8ot l6o rat io in ocean water . as noted earl ier 
in this report . These changes are preserved in the 
shell s of benthic microfossils  in ocean-sed�ent c ores . 
The observed changes o f  the 18otl6o ratio in ocean 
sed�ents  have been interpreted to indicate that a large 
ice sheet 1 probably that of Eas t Antarc t ic a .  accumulated 
between about 15 mil l ion and 13 mill ion years ago and 
remained in being thereafte r .  Other s tudies . however . 
�ply that this ice accumulat ion may have occurred at an 
earl ier t �e .  The ice-volume change corresponds to a 
difference of  about 65 m in sea level . 

The Wes t  Antarc t ic Ice Shee t may have had a very 
d i f ferent his tory . By one interpre tat ion .  because the 
land mass there is most ly below sea level the ice shee t 
mus t have formed ini t ially from ice shelves growing out  
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of a coalescence of  float ing tongues of  outlet glac iers 
of the Eas t Antarc tic Ice Sheet , as wel l  as from 
glac iers flowing out of  the central and coastal 
mountains of  Wes t Antarc t ic a .  Extens ive ice shelves 
probab ly could not have formed unt il  summer temperatures 
at sea level were near or below freez ing . The ic e shee t  
could subsequently have shrunk during prolonged episodes 
of warming c l imate in which summer temperatures at sea 
level reached about 5°C above the ir present levels  and 
above the freez ing point along the ic e-shel f margine . 
Unl ike the East Antarc t ic Ice Sheet , it  might 
temporarily have disappeared al together during 
except ionally warm interval e ,  then have redeveloped by 
the same means as its  init ia l formation. 

The Greenland Ice Shee t ,  l ike the Eas t Antarc t ic Ice 
Sheet ,  in part rests  on bedrock below sea level but is 
mainly terrestrial (based on land near or above sea 
leve l ) .  Although smaller than the Wes t  Antarc t ic Ice 
Sheet , its mel t ing would produce about the same rise in 
sea leve l ( roughly 6 m) , because less of  i t  displaces 
ocean water . Little is known about the pas t his tory of 
the Greenland Ice Shee t ;  when it firs t formed and how 
much it diminished in s ize dur ing subsequent warm 
intervals  are not c lear .  The southwes t part receded 
about 100 km dur ing the Hypsithermal warm per iod of  the 
Holocene , between about 9500 and 5000 years ago . During 
the pas t 4800 years , it  has fluc tuated only a few 
kilometers around its  present posit ion .  

Th e  North Amer ican Laurent ide Ice Sheet ,  which no 
longer exis t s , offers an interes t ing per spec tive on 
ice-shee t behavior from the past .  Recons truc t ions of  
the situat ion that existed about 8 , 500 years ago sugges t  
that the central port ion of  that great ice sheet , in the 
area of Hudson Bay , was rapidly drawn down by ice 
streams to a saddle-shaped remnant , after which it  took 
only 200 years to disappear.  In certain respec ts  an 
analogy c an be drawn between this apparent ly abrupt 
demise of the North American Laurentide Ice Shee t and 
poss ible future events in Wes t  Antarc t ic a ,  but it c annot 
be pushed too far in view of  some fundamentally 
dif ferent c ircums tances involved in the two cases . 

Cl imate of  the Last Interglacia l 

The last  interglac ial per iod (cal led the Sangamon or 
Eemian age )  began about 12 5 , 000 years ago and lasted no 
more than about 15 , 000 year s .  On the bas is of  recent 
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studies , conditione in both the atmosphere and the 
oceana at the t iae were quite aLDilar to those of the 
present interg lac ial . Evidence from raised shorel ines 
( "strandlines" ) , however,  points  to higher sea leve l at 
that tiae and , by Lapl icat ion ,  to a smaller total volume 
of ice aheeta in the world . Sea level on coaa ta  thought 
to be more or lesa stable tec tonically were from 2 to 8 
m higher than at present , but the dif ference might be 
attributable to geoid changes . The s table isotope 
rat ios of oxygen in the ocean changed in a way that is 
cons is tent with auch a riae in s ea level .  The 
addit ional water in the ocean ia about what would have 
been added by mel t ing of either the Wea t  Antarc t ic or 
Greenland lee Sheet but could have been contributed by 
part ial melting of  more than one ice shee t . 

If  the Wea t  Antarc t ic Ice Sheet should have been 
absent for a few thousand years dur ing the warmest part 
of  the last interglac ial ,  the moa t  l ikely reason is that 
aea levels in the Antarc t ic , in keeping with the warmer 
c l imate of the t ime ,  had risen too high for the Ice 
Sheet to surv ive except on the highes t bedrock o f  the 
region.  Perhaps the disappearance of fringing ic e 
ahelvea preceded that of  the main ice sheet . It has 
been suggested that the Wes t  Antarc t ic Ice Shee t is 
being act ively drawn down today by two ice streams in 
the Amundsen Sea sec tor ( the Pine Is land and Thwaites 
glac iers ) , but this is not confirmed by recent estimates 
of their drainage bas in maa s  balance . An alternat ive 
projec t ion ia that the Wes t  Antarc t ic Ice Sheet is near 
ita minimum postglac ial s ize today and will expand as 
the bedrock cont inues to recover from its glac ial 
depress ion. 

CURRENT STATUS AND TRENDS 

Sea Ic e 

In the Southern Ocean surrounding Antarc t ic a ,  the 
maxiaum area of aea ice in late winter ( September ) is 
about eight t imes greater than at ita  minimum in late 
summer (March) . In the Arc t ic ,  the rat io result ing from 
aeaaonal change is only 2 to 1 ,  and the distribution o f  
land makes the extens ion of  area o f  s ea ice i n  winter 
longitudinally asymmetric ; for example , in the Sea o f  
Okhotsk and the Labrador Sea it can extend to 50° N ,  
but in the Norwegian-Barents Sea , open water persists  in 
winter north of 7 5° N .  

· 
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A substantial amount o f  mul t iyear ice occurs in the 
Arc t ic Oc ean. Direc t freezing results  in a thicknes s o f  
only about 3 m ;  when compressed into pressure ridges , 
the thickness  can increase greatly . In the Antarc t ic , 
other than in the Weddel l Sea , most  sea ice is 
f irs t-year ice , probably leas than 2 m thick. 

Ice Sheets 

Lit tle is known about the mass  balance of the Greenland 
Ice Sheet ,  for annual iceberg discharge and meltwater 
runoff  have not ye t been rel iab ly determined . There is 
some observat ional and model ing evidence that it may be 
s lowly growing on the western s ide of  the central ice 
divide and slowly shr inking on the eas tern a ide , but the 
average rate of  change in volume of the ic e shee t as a 
whole is unl ikely to exceed one part in 104 per year. 
With the poss ible  except ion of  the Jacobahavn Glac ier , 
which f lows into Disco Bay and which has rap idly 
retreated in the las t century at the same time that 
surrounding ice has built up , dramat ic changes do not 
appear to be occurr ing there . 

The East Antarc t ic Ice Sheet is by far the larges t in 
the world . It is based mos t ly above sea level . 
Estimates of  the change in volume in its  interior 
ice-drainage sys tems suggest  a growth equivalent to a 
drop in sea leve l o f  about 1 mm per year ; yet , sea leve l  
in the pas t century has ac tually been ris ing at near ly 
this same r at e .  Lees is known about volume changes in 
the marginal drainage sys tems of the East Antarc t ic Ice 
Sheet ;  of those few that have been measured , some 
margine show bui ldup , others deplet ion . As in 
Greenland , the ic e volume as a whole mus t  be chang ing 
only slowly--at mos t by one part in 105 per year . 
Because some parte of  this ice sheet are based below sea 
level , the kind of  ins tab i l ity charac teris t ic of marine 
ice sheets  could exist  along their ocean fronts . 

The present mass  balance of  the Wes t  Antarc t ic Ice 
Shee t is also unknown , al though there is  much concern 
about it in view of the unstable behavior of which 
deep-bedded mar ine ice sheets are thought c apab le .  
Evidence concerning the pas t behavior of  the grounded 
ice-sheet marg in is confl ic t ing ; some evidence pointe to 
a retreat in the past  1 7 , 000 years from a pos it ion near 
the edge of the cont inental shel f ,  but other evidence 
from the sed imentary record of  the Ros e  Sea can be 
interpreted as showing a much lesser extens ion of the 
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ice sheet there dur ing the past 20 , 000 years .  
The evidence concerning current changes in  the Wes t 

Antarc t ic lee Sheet is also .. b iguoua 1 making it  
difficul t  to  draw any fir. conclus ions about what is  
happening there . At tempts to model the behavior o f  the 
ice sheet suggest either that it is in an oscillatory 
reg�e . with the ice sheet in a pos taurge s tate , or that 
it is in a steady-state fas t-flow regLae . 

In ita extreme for. , the predict ion o f  dras t ic 
shr inkage of  the West Antarc t ic lee Shee t  would resul t 
in a rise in sea level o f  about 5 m in as abort a t �e 
as 200 year s .  However, this extreme view confl ic t s  with 
the fac t that sea level  baa been ris ing an order of 
magnitude more s lowly than the rate �pl ied by such a 
dras t ic shr inkage . Whether the ice sheet is current ly 
po ised in an unstable s teady state is  an open ques t ion . 
Both theoret ical model ing and field work cont inue in an 
e ffort to c lari fy this po int . 

CLIMATE AND POLAR ICE : FUTURE PROSPECTS 

The present interglac ial period began about 1 0 , 000 years 
ago , pos s ibly a b it earlier . Of the several previous 
interglac ials for which the chronology of c l imate baa 
been recons truc ted in some de tail , none appears to have 
endured longer than 10 , 000 to 15 , 000 year s .  There fore , 
we might assume that global c l Laate should soon begin to 
move into another ful l  glac ia l period . In fac t , such a 
trans it ion may already have begun with the end of  the 
Hypa ithermal war. period some 5000 years ago . The 
as tronomical (Milankovitch) theory suggests that the 
next full  glac ial age should arrive about 6000 to 8000 
years from now. 

The next few hundred years present a quite different 
pic ture . On that t�e scale , the warming as soc iated 
with future increases of  atmospher ic C02 and other 
"greenhouse" gases resul t ing from human ac t ivity will be 
l ikely to dominate any ice-age cool ing trend . Indeed , 
this fac tor may prevail over moa t  other c l iaate
diaturb ing fac tors as wel l  and result  in a net warming 
beginning some t �e in the next several decades .  This 
warming probab ly would be amplified in the polar 
regions . Toward the middle of the twenty-f irs t century 
the net warming could aggregate to at leas t 1°C in the 
global average and to several degrees in the Arc t ic 
though probably not in the Antarc tic . Further net 
warming would be l ikely to fol low in later decades 
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despite trans ient cool ing episodes attributable  to 
vo lcanic ac tivity or to the natural variabil ity of  
c l �te of  other or igins . 

Mas s ive c l imatic warming would have obvious 
�pl icat ion& for snow and ice . The thickness and extent 
of sea ice would be d�inished in both hemisphere s .  
Models indicate that with a polar warming o f  somewhat 
less than 5°C ,  the Arc t ic Ocean could become ice free 
in summe r ,  although not in winter.  Plaus ibly , this 
condit ion could occur by the midd le or latter part of 
the next century . In the Antarc t ic ,  that extent o f  
warming could d�inish b y  half the min�um sea-ice 
extent in summer as we l l  as produce surface mel twater on 
the larger ice shelves . 

Mountain glac iers in suffic iently c old c l �ates might 
temporarily advance because of increased snowfal l , as 
may already be happening in parts of the Canadian Arc t ic 
and in Antarc t ic a .  In the longer term , however , 
mountain glac iers near ly everywhere would shrink in the 
face of a general c l �at ic warming . 

The Greenland Ice Sheet would e ither shrink , expand , 
or be essentia l ly unaf fec ted , depending on the ne t 
changes in mas s  balance result ing from increased 
snowfall  over its interior and increased me l t ing and 
ablat ion at its  edges . 

The Eas t Antarc t ic Ice Sheet  would probab ly be l it tle 
affec ted unt il  the warming had been in progres s  for a 
long t �e .  as it is l ike ly to respond more s lowly than 
the other large ice sheet s .  Port ions that are grounded 
below sea level , however , could behave differently from 
the main body of the ice sheet . 

The Wes t  Antarc t ic Ice Sheet  would probab ly be l it tle 
af fec ted unless or unt i l  its  ice shelves ,  exposed to 
higher ocean temperatures and less protec ted by s ea ice , 
were to be l i fted off  their pinning points , as might 
already have happened recently in the Amundsen Sea 
sec tor .  What would occur next is  a matter of  
controversy .  Th i s  mar ine ice sheet might rapidly drain 
down in a few centuries , in which case a rise in sea 
level of about 5 m would fol low , or i t  might change 
l i t t le and even to some extent advanc e over the next 
mil lennium. 

It  mus t  be emphas ized that a dras t ic and re lat ive ly 
rapid response of  the Wes t  Antarc t ic Ice Shee t to a 
general c l imat ic warming of  the kind projec ted to occur 
in the s evera l decades ahead cannot be ruled out at thi s 
s tage of our knowledge . The inherent ly uns tab le nature 
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of a mar ine ice sheet in response to c limat ic change is  
such that , once the response begins , it could be 
irrevers ible .  

RESEARCH NEEDS : THE POLAR REGIONS AND FUTURE CLIMATE 

Two pr inc ipal focuses for a research e f fort are 
paramount : the response of  snow and sea ice to c l imatic 
change and the dynamic s of  ice shee t s . 

With regard to the relat ionship o f  snow and sea ice to 
c l imatic change : 

Data are needed on the short-term ( 1-10 years)  and 
long-term ( 102-103 years)  variat ions in  extent o f  
ice in relation to changing c lLnatic conditions . Direc t 
observat ions of sea ice can provide data for short-term 
s tudies , but informat ion on the long-term variat ions 
will come largely from proxy c l imatic sources , includ ing 
ocean-floor sediment cores . 

Synopt ic case s tud ies should be made to c larify the 
interac t ions between the atmosphere , snow cover, and sea 
ice . Microwave and other satell ite imagery are needed 
tor this purpose , as wel l  as atmospheric measurements 
from oceanic and ic e-based data buoys . 

Model ing experiments are needed to explore the range 
of �ssible effec ts on sea ice  of  c l imat ic change 
res� ting from increasing co, and other rad iat ive ly 
ac t ive atmospheric pol lutant s .  This e f fort wil l require 
the development of  improved models o f  sea ice , based on 
results of  such projec ts as the Arc t ic Ice Dynamics 
Joint Experiment (AIDJEX) and the Marginal Ice Zone 
Experiment (MIZEX) , together with other empirical 
informat ion on ice motions , distribution , and thickness ; 
it  wil l  also require improved understanding o f  ocean 
c ircu lations and their e f fec ts on sea ic e .  

With regard to the dynamics o f  ice sheets : 
Improved model s  of both terrestrial and marine-based 

ice shee ts should be deve loped . This e f fort could 
benefit from analog arguments  involving surging 
glac iers . Vary ing the key parameters in ice-sheet 
models would help to reveal the dynamic responses o f  ic e 
shee ts under dif ferent condit ions . Ice-sheet models 
should eventual ly be coupled with models  o f  the 
atmosphere and ocean.  

Scenar ios should be cons t ruc ted of  the atmospheric 
conditions over the Antarc t ic and Greenland Ice Sheets  
at var 1ous s tages of a c l imat ic change such as that . 
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as soc iated with increas ing C02 to support the 
deve lopment of  models  o f  ice-sheet behavior. For 
example . it would be use ful to examine atmospheric 
cond it ions with a persistent 0°C summer temperature 
over a broad coas tal belt of the Antarc t ic lee Sheet . 
As already noted . the katabat ic winds above the surface 
of an ice sheet should receive spec ial attent ion in 
atmospheric mode l s  because o f  the ir e f fec t on the heat 
balance of  the Antarc t ic . 

The heat trans fer at the bases of  all  the large ice 
shelves should be s tud ied by model ing the subglac ial 
water circu lation in the manner it  has already been 
modeled for the Ros s  lee She l f .  

Evidence from a variety of  sources should be marsha led 
to estab l ish whe ther the West  Antarc tic Ice Shee t  was 
present or absent during the las t inte rglac ial and what 
its  status was at various t imes prior to and fol lowing 
that interglac ia l .  This information could provide much 
needed ins ight into the present s ituat ion and into the 
l ikely response of  the ice sheet to a future warming 
induced by 002 . 

Field data on the ice sheets  are needed along with 
data to def ine trends in surface air temperature and 
global sea level .  These data should inc lude ice-sheet 
thicknes s .  surface and bed slope . surface mas s balance . 
basal mass balance . internal s t ruc ture . ice veloc i ty .  
and iceberg calving and mel t ing rate s .  Many o f  the data 
can bes t be obtained by remote sens ing from a dedicated 
polar-orbit ing satell ite . particularly one capab le also  
of  monitoring surface elevat ion changes .  However . even 
with the finest  o f  remote-sensing capabil it ies . a 
vigorous fie ld program will be required . 
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Polar Research -A Strategy 

In 1980 , the Polar Research Board init iated a series o f  
s tudies to develop a s trategy for polar research over 
the next dec ade . The las t such survey had been 
publ ished in 197 0 .  Rather than a s ingle volume c overing 
the ent ire field , the Board dec ided on a series o f 
report s on var ious disc ipl ines of  polar sc ience or 
part icular prob lems related to polar research .  The 
princ ipal obj ec t ives are to review the s tatus o f  
research , to ident i fy promis ing direc t ions for future 
e ffort , and to recommend prior i t ies in research. The 
reports also deal with the fac i l ities and support 
required to real ize the recommended research 
objec t ive s .  To date , the fol lowing report s in this 
ser ies have been is sued : 

An Evaluat ion of Antarc t ic Mar ine Ecosys tem Research ,  
1981 

Study o f  the Upper Atmosphere and Near-Earth Space in 
Polar Regions : Sc ient i f ic Status and 
Recommendations for Future Direc t ions , 1982 

Po lar Biomed ica l  Research - An As sessment , 1982 
and Appendix : Polar Med ic ine - A Literature 
Rev iew , 1982 

Snow and Ice Researc h. An Assessment , 1983 
Perma frost Research : An Assessment of  Future Need s ,  

The Polar Regions and Cl �at ic Change , 1984 
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