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To respond to a ser ies of questions posed by the C02 Research 
Div is ion of the Department of Energy about the probable effects of 
increasing levels of atmospher ic COa on prec ipitation , summer 
temperatures , and ocean heat flux of West Antarctica , the Polar 
Research Board ' s  Committee on Glaciology organized a wor kshop in July 
1983 at the Un iver s ity of Wiscons in , Mad ison . Th is repor t includes the 
12 presentations made at that workshop , summar izes the thrust of 
workshop discuss ion , and presents the Committee ' s  initial responses to 
the questions together with its recommendations . 

Because the topic is complex and the development of realistic 
models has been hampered by the lack of adequate f ield data , the 
Committee on Glaciology views this workshop as a beg inning--the 
initiation of a d ialogue between those engaged in model ing and those 
engaged in collection of data to better acqua int each group with the 
needs and problems of the other . As th is report goes to press , plans 
ar e  already in progress for a second workshop that will also be 
organized by the Committee on Glaciology and supported by the 
Depar tment of Energy . The objective will  be to explore fur ther the 
r elationship between land ice and sea level , in par ticular , the 
exchange of water between land ice and oceans over the past century and 
pred ictions for the future based on present models of the impact of 
increased atmospher ic C02 on climate . 

I t  is  the Committee ' s  hope that the repor t  of the July 1983 
Workshop will  stimulate discuss ion , new questions , and increased 
r esearch in th is cr itically impor tant f ield . 

Mar k F . Me ier 
Chairman , Committee on Glaciology 

v i i  

Char les R . Bentley 
Chairman , Polar Research 
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1. 
Executive Summary 

It  has been suggested that a rapid reduct ion of the ice mass of Wes t  
Antarctica leading to a drastic r ise in sea level might occur a s  a 
consequence of 002-induced warming . In this report , the climatic 
fac tors that provide the pr incipal external forc ing for the g lac ial ice 
of west Antarctica are examined , but the hypothesized dynaaic 
mechanisms that could lead to a reduction of the ice aass in response 
to a change in the internal forc ing are not dealt with explic itly .  

In July 198 3 ,  the workshop on Potential oo2-Induced Changes in 
the Environment of West Antarctica , organized by the Committee on 
Glac iology for the Polar Research Board , National Research Counc i l ,  was 
held in Mad ison , Wiscons in.  �pies discussed included histor ical 
c hanges of atmospher ic carbon d ioxide and other environmental 
var iables , changes of the polar ice sheets , knowledge of the present 
environment of west Antarctica , model s imulations of the present 
environment , and model pred ictions of potential oo2-induced changes . 

A background discuss ion dealt with s imi lar ities and d i fferences 
between environmental changes dur ing the last glac iation and changes 
dur ing the last hundred years , as reflected in ice cores . Of 
particular interest is the evidence of rapid changes in oo2 
concentration , espec ially dur ing and at the end of the last glac ia l  
maximum . However ,  interpretation o f  the ice-core features will require 
further  exper imental wor k with ice-sheet and climate models . 
Preliminary modeling of the long-term behavior of the major ice sheets 
suggests that fluctuat ions of the Antarctic Ice Sheet appear to be 
induced in part  by sea level changes caused by growth or decline of 
Northern Hemisphere ice sheets . 

The existing west Antarctic environment is  inadequately desc r ibed 
by the available observations . This conc lusion holds both for the 
general atmospher ic and oceanic c irculations and for the ir  spec i f ic 
manifestations : the mass and energy balances of the inland ice sheet , 
the ice shelves , and the sur round ing sea ice. In turn , the incomplete 
observational data c reate major uncertainties in assessing the validity 
of s imulations of the west Antarctic environment by numer ical models . 

Atmospher ic models have succeeded in reproduc ing qualitatively the 
broad patterns of  pressure and temperatures for the Southern 
Hemisphere . However ,  there are systematic quantitative er rors in the 
modeled sur face temperatures over Antarctica and in the pressure of the 

l 
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2 

subtropical high-pressure belt and the subpolar trough . Corresponding 
def ic ienc ies exist in the model representations of more complex 
features such as storms , includ ing their  numbers , reg ions of 
formations , and tracks . 

Ocean models clear ly require f iner resolution in order to s imulate 
cruc ial  processes such as the thermohal ine circulation and the 
formation of water masses affecting the large ice shelves . MOdels of 
the southern  sea ice have g iven realistic results when dr iven by 
a tmospheric and oceanographic forc ing ; in coupled s imulations , on the 
othe r hand , inadequac ies of the atmospher ic and oceanic models used so 
far  have resulted in less accurate s imulation of sea-ice extent and 
very poor s imulation of interannual changes .  

Existing model pred ictions for strong ly enhanced atmospner ic C02 
suggest only slightly highe r summer temperatures and a mode rate 
increase in prec ipitation for west Antarctica , together with an 
augmented product ion of Ci rcumpolar Deep Water , which would affect the 
outer reaches of the large ice shelves . When translated into 
ice-shelf/ice-sheet dynamics , such changes produce conflicting trends . 
These will only be reconc iled by improved ice-shelf/ice-sheet models 
and tuning with add itional measurements from key reg ions . Therefore , 
w ith the present state of knowledge , quantitative pred ict ions for the 
f uture of west Antarctica cannot be made with confidence . 

The workshop recognized that opportunities to collec t environmenta l 
d ata in Antarctica are sparse and the costs are high . In order to 
augment the existing set of data , the wor kshop therefore recommended : 

• Establishment of an archive of all per tinent Antarctic data 
that can still be recovered , in which emphas is would be placed on 
certain pe r iods , from individual year s  to weeks , at times when 
unusually large amounts of data were collected or when s ign ificant 
weathe r or oceanographic events occurred . 

Recommendations of the workshop on testing and improving model 
simulations of the atmospher ic environment include : 

• Model val idation studies ,  such as expand ing model compar isons 
to add itional var iables , compar ing computer and observed cyclogenesis 
and cyc lone tracks , compar ing simulated and measured surface energy 
balances over Antarctica , compar ing s imulated and measured snow and ice 
mass balances , extending compar isons to as many models as poss ible , and 
developing s imulations of the interannual var iability .  

• Mode l sens itivity stud ies , inc lud ing examining the pressur e 
errors to see if  they are due to the method for reduc ing to sea leve l ,  
expla ining the tendency to unde restimate the Antarctic c ircumpolar 
trough , analyzing the effect of too smooth or too low topography on 
temperature and prec ipitation , and determining whether the less 
frequent cyclogenesis in cer tain reg ions results from the prescribed 
topography . 

• Atmosphere-ocean s imulations of co2-induced climate change , 
inc lud ing improving control s imulations (present cl imate ) for sea ice 
and snow ; analyz ing the statistical s ignificance of the s imulations , 
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and studying the effects of staulated cl�te changes on the ice , snow , 
and water balance and on othe r major features such as the ice sheet and 
ice shelves . 

• Testing model staulations of the oceanic environaent , using 
f iner -resolution ocean models and a sea ice-.odel  that incorporates 
only the most essential phys ics r a specif ic strategy is proposed on 
page 26. 

While such improved model exper iments are being developed , there is 
great need for observations that could reveal cur rent changes of the 
west Antarctic environment . The workshop recaa.ended a 

• Test ing of pred ictions through new aeasure .. nts and 
monitor ing ,  includ ing the establishment o f  new weather stations on 
Peter I Island , in the open and ice-covered ocean , and on the ice 
sheet J systematic observations of sea ice properties from ice breaker s 
and research vessels J strain and veloc ity .. asure .. nts and .. asureaents 
to locate the grounding zone for ice streams draining the west 
Antarctic Ice Sheet J core drilling through the Pilchner -Ronne Ice 
Shelf , and through the inland ice to clar ify the history of the west 
Antarctic Ice Sheet back into the last interglac ial J observations 
combined with theory and model ing on the calving process , and on the 
back stress exerted by shelves on the ice sheet J monitoring of feature s  
that might g ive ear ly warning o f  effects pred icted by the models , 
includ ing a carefully planned set of  physical and chemical aeasure .. nts 
in  the ocean J observations of sea-ice structural changes , and 
continuous monitor ing of temperature and pressure trends; and satellite 
measurements , using radar or laser altimeters , to detect changes in 
ice-sheet elevation . 

The assimilation of these data and focused model ing would be 
greatly aided by add itional workshops and by a newsletter reporting al l 
relevant research achieved and in progress . 
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2. 
Introduction 

The cur rent r ise in 002 in the atmosphere will cause a r ise in ai r 
temperature , which in turn may cause a r ise in sea level due to the 
melting of glac ial ice . This r ise in sea level will be relatively 
manageable in  the next century unless , as some scientists have 
suggested , the warming tr igger s  a rapid reduct ion in the ice mass o f  
the West  Antarctic Ice Sheet . I n  order to assess the possibil ity that 
this  could happen , two k inds of studies are requ ired .  First , the 
external climate factors that influence the west Antarctic Ice 
Sheet --mainly prec ipitation , summer  temperature , and oceanic heat 
f lux--need to be known . Second , the dynamic response of the ice 
sheet/ice stream/ice shelf system to changes in this external forc ing 
needs to be understood .  This repor t ,  and the workshop on which i t  is 
based , addresses the first of these tasks . 

In response to a request from the Department of Energy , the 
Committee on Glac iology of the National Research Counc il's Polar 
Research Board organized the workshop on Potential 002 - Induced 
Changes in the Environment of West Antarctica , which was held at the 
Geophys ical and Polar Research Center (C.  R. Bentley , Director ) of the 
University of Wiscons in , Mad ison . In its charge to workshop 
partic ipants , the Committee on Glac iology called on them to address : 

• • •  reg ional changes in the prec ipitation , summer  temperatures , 
and ocean heat f lux of west Antarctica to be expected from 
inc reased atmospher ic 002 concentrations • • • •  

The princ ipal objectives of the wor kshop were to assist theoretic ians 
and modelers  in understand ing the physical systems and to inform them 
about the data already ava ilable . In turn , f ield sc ientists would have 
a better idea of the data needed to improve models and would be bette r 
able to identi fy gaps in knowledge . 

The following spec i f ic quest ions and suggestions were prepare4 for 
wor kshop consideration by T. J .  Gross , 002 Research Division of the 
Department of Ene rgy . 

l .  How adequate are climate model s imulations in representing 
present conditions? (Var iables , resolution , etc . ) What additional 
var iables should be calculated by general c irculation models that might 

4 
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be of use? Do inadequacies of present siaulations affect model 
predictions elsewhere on the globe? 

2 . What information , including resolution and accuracy , is  
r equ ired to  determine the sensitivity of the Antarctic ice sheet/ice 
shelves/sea ice to warming ? 

3 .  Bow can equilibr iwa climate IIOdel results be applied to 
analysis of time-dependent ice dynamics? ( It is  not foreseen tha t 
global climate IIOdels will be run in 400-year transient calculationsr 
equ i l ibr iua results will have to be interpolated , i f  that is possible . )  

4 .  What is  the pr ior ity list for model iaproveaents (ocean 
dynamics , sea ice , atmosphere , etc . ) ?  

5 .  Bow can the use of global and regional IIOdels to �rove 
s imulations be coordinated? 

6. What can be done to improve coordination between .odel and 
observational studies? 

7 .  What should be done to encourage more individuals and groups to 
g ive these issues higher  pr ior ity ?  

Consensus responses t o  these questions appear i n  the concluding 
chapter of the report . 

It was suggested that in addressing most of these issues , the 
Antarctic problem might be subdivided into several nonexclusive doma ins : 

1 . Atmospher ic cond itions affecting the Antarctic ice cap/ice 
she lves . 

a .  Summer temperatures 
b. Prec ipitation and storm frequency 
c .  Energy-balance components ( including rad iation , 

evaporation , etc . ) 
d .  Other var iables and processes 

2. ocean/atmosphere conditions affecting sea ice 
a .  Extent and thickness of sea ice , seasonal var iations 
b. Wind-induced breakup of sea ice 
c .  Energy-balance components affecting the theriiOdynamics of 

sea-ice formation 
d .  ocean temperatures , bottom-water formation 
e .  Strati f ication (sal inity , temperature , etc . ) 
f .  Large-scale and local ocean dynamics 
g .  Ice accretion on the bottom of sea ice 
h .  Other var iables and processes 

3 .  Glac iolog ical cond itions affecting atmosphere and oceans 
a .  Albedo 
b .  Thermal conductivity 
c .  Dens ity 
d .  Leads and polynyas 
e .  Other var iables 

In each of the doma ins , the workshop par t icipants might consider 
the appropr iate var iables and parameters , compar isons of IIOdels with 
observations , sensitivity studies , and the like .  
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With this guidance , the workshop par ticipants adopted the following 
f ive-point organization for the workshop agenda: 

• Background: C02 and ice sheets 
• Rev iews of the present env ironment of West Antarctica 
• Model s imulations of the present Antarctic env ironment 
• Model-predicted changes for increased atmospher ic C02 and 

the ir cr itical assessment 
• Conclus ions , recommendations , and answer s to the suggested 

questions 

The presentations made by indiv idual par ticipants were suppor ted 
with prepared statements that are included as attachments to this 
summary of the points made in the presentations and in the wide-rang ing 
discuss ion . 
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3. 
Background: C02 and Ice Sheets 

3 . 1 CHANGES IN CLIMATE AND C02 INFBRRBD PROM ANTARCTIC 
ICE CORES (see Attachment l ,  by c.  IDr ius) 

Most data from Antarct ic ice cores on changes in � ' climate , 
aerosols , and ice thickness relate to East Antarctica , with the 
except ion of those obtained at Byrd Station . These cores have been 
intensively studied for the most recent glac iation and for the last 
hundred years . Although radically different in most other respects , 
dur ing both these per iods changes of the order of 30 percent in the 
( infer red)  concentration of atmospher ic � occur red .  The newest 
analyses show that at the end of the ice age (Figure 1), and even near 
the he ight of the glac iat ion , changes in concentration ranging from 200 
to 340  ppm (the present value ) occur red within intervals of the order 
o f  103 years or less . Ice cores obtained from Greenland , of higher 
temporai resol�tion , suggest that the fluctuations occurred in times of  
only 10  to 10 years (Stauffer et al .  1984) . In recent times the 
concentration appear s  to have reached a minimum of around 260 ppm 100 
years ago , at the start of the industr ial revolution , an amount that is 
significantly lower than that so far assumed in models of the different 
C� reservoirs (Raynaud and Barnola 1984) .  But whereas the C02 
increase at the end of the last glac iation was accompanied by stable 
isotope changes , suggesting temperature  r ises of the order of 8-1o•c at 
the sur face of the ice sheet and somewhat smaller changes above the 
sur face inversion , the recent C02 increase has occur red without a 
clear Antarctic temperature trend . A marked decrease in aerosol 
loading from the ice ages to the Holocene also has no modern 
equ ivalent; it has been attr ibuted to significantly lower ( 30-50 
percent) wind speeds in the Holocene . By contrast , evidence that 
accumulation rates became around 25 percent larger in the Holocene 
offers a parallel (albe it of a d ifferent time scale) to a 30 percent 
increase in Antarctic precipitation dur ing 1965-1975 over the values 
that preva iled dur ing 1955-1965 . Analyses of total gas content in 
var ious cores suggest no major differences in ice th ickness , except for 
a coastal belt from the ice age to today . More cores are needed , 
espec ially from west Antarctica , to secure data that might explain 
these agreements and contrasts and to establish the relat ive timing of 
the changes in different features . 

7 
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Figur e  1 .  co2 concentrations and stable isotope content in the Doae 
C ice core plotted as a function of age and depth (meter s of ice ) .  For 
the C02 concentrations , two •extreme• ranges of var iation ar e shown . 
The left one takes into account measurements per formed also on another 
Antarctic core . The r ight one , baaed only on Doae C results , suggests 
shor ter-term natural fluctuations . Sol id l ine ( 81�) relates to a i r  
temper ature a t  the time of snow condensation . (Or iginal data from 
Delmas et al . 1980 . )  (See also Attachment 1 . )  

3 . 2 CHANGES IN CLIMATE AND TBB ICB SBBET IN!'BRRBD FROM 
I CB-SHBET MODELING (W . F . Budd) 

Var ious model exper iments have demonstrated that changes in the great 
nor thern ice sheets could have resulted from orbital var iations in 
insolation at key latitudes and reactions of the ear th ' s crust , plus 
precipitation changes produced by the ice sheets themselves . A recent 
ser ies of exper iments has used the r esulting changes in sea level as 
forc ing for models of the Antarctic Ice Sheet (Figure 2). The result 
is  a global glac iation/sea-level sequence that is in accord with the 
ocean-sediment record and pr ovides an example of the recurrence of 
major interglac ials at 100 ,000-year intervals , wh ich baa character ized 
the last 500 , 000 years . Th is sequence could offer yet another 
explanation of the 100 ,000-year •cycle• that is absent from the orbital 
fr equenc ies . A major problem for ach iev ing real istic model shapes and 
extents for the Antarctic Ice Sheet is inadequate under standing of the 
basal sliding of the large ice streams , wh ich produces high veloc ities 

E 
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Figure 2 . Three dimensionally modeled reaction of the Antarctic Ice 
Sheet to a sea level change produced by the growth and dec line of the 
Northern Hemisphere ice sheets . (TOp) Curve l shows assuaed sea-leve l 
changer curve 2 g ives the change in the total Antarctic ice volume . 
(Bottom) Curves show the chang ing sur face elevation of a cross section 
cor responding to the different stages of the total voluae change (curve 
2) .  (Prom Smith 1984 . )  
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for small gravitational downatreaa forces (balanced by equallY small 
base and perhaps lateral and longitudinal stresses). Planned velocity 
measurements on the West Antarctic ice streams flowing into the Rosa 
Ice Shelf are expected to clar ify th is feature . 
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4. 
Reviews of the Existing West Antarctic Environment 

4 . 1  VARIABILITY OF THE ATMOSPHERIC CIRCULATION AT THE SURFACE OF THE 
SOUTH PACIFIC OCEAN IN SUMMER (see Attachment 2 , by B. van Loon) 

Weather systems dominating the south Pacific in summer were illuminated 
for the first time since the opening of the Panama Canal by the daily 
weather reports from whal ing ships dur ing the summers of 1955-1958 . 
The last of these summers was marked by a warm •El Nino •  event in the 
t ropical eastern Pac ific ,  so that despite its brevity , the record 
covers  a wide range of conditions . The mean thermal and flow patterns 
exhibit the mar ked semiannual osc illation first fully reported by 
Schwerdtfege r ( 1970)  (Figure 3 ) --a polar trough pulsation or pressure 
seesaw between the Antarctic continent and the southern Ocean . The 
features of subsequent years  with good observational cover need to be 
v iewed against that background . Both the 1973-1974 summer and the 
Firat GARP Global Exper i•nt (FGGE) year , 1979 , were marked by 
relatively low pressures over the continent and high pressures over the 
oceans , whereas the summer of 1976-1977 had abnormally low pressure 
over the oceans and high pressure over Antarctica . In the 1976-1977  
summer , another warm event occur red in  the equator ial Pacific , with 
lower -than-normal pressure in the Pac ific subtropical high and 
higher -than-normal pressure over Australasia , whereas in 1973-1974 the 
conver se pressure distr ibution was found . Undoubtedly , the sea surface 
temperature at the equator in the Pac ific is associated with the 
c irculation in temperate and high southern latitudes . 

The cyclonic depressions that affect the weather of West Antarctica 
i n  summer come f rom middle and even subtropical latitudes in the 
eastern Indian ocean and wester n  Pac i f ic .  The mean geostrophic wind 
between 35°S and 55°8 ( •zonal index• )  undergoes large short-term and 
interannual changes , and a similar ly high synoptic var iability is found 
a round the west Antarctic coast . This makes the existing snort records 
inadequate for testing the mean features of model simulations . 
However ,  the possibility exist that some of the essent ial eddy features 
are cor rectly modeled . 

ll 
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ANNUAL MARCH OF ZONALLY 
AVERAGED SEA· LEVEL PRESSURE 

Pigure 3 .  The semiannual pressure osc illation of the Antarctic 
r eg ion . (See also Attachment 2 . )  

4 . 2 THE ATMOSPHERIC CIRCULATION APPECT ING THE WEST ANTARCTIC REG ION IN 
SUMMER ( see Attachment 3, by K .  E .  Trenberth)  

The c irculation of the midtroposphere of  West Antarctica in summer can 
be descr ibed by statist ics  based on the daily constant pressure level 
charts of the Australian Weather Service for the per iod 1972-1980 . The 
main patterns are broadly zonal ,  with a r idge in the Australian sector 
(the most pronounced blocking reg ion of the Southern  Hemisphere ) and 
r ather uniform thermal grad ients in the lower troposphere between 30° 
and 70°S .  This uni form pattern hides a considerably more interesting 
eddy reality , which the var iability of geopotent ial heights shows to be 
dominated by the sequence of highs and lows and , on a somewhat lower 
f requency , by blocking episodes . 

Interannual var iability and pronounced longer -term f luctuations are 
prominent features of  the Southern Hemisphere c i rculation .  The 
d ifferent c i rculation reg imes that exist in  d i f ferent years and decades 
provide clues to the kinds of natural  extremes that can occur and g ive 
i ndicat ions of the k inds of changes than may well accompany a C02 
warming . ror example , in the summer of the PGGE year ( 1978-1979) , the 
j et stream was d isplaced poleward by 3° (Pigure 4 ) , with a polar trough 
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F!iure 4 .  Mer id ional cross sect ion of the zonally averaged wind (m 
s ) for January 1979 . The dashed contours  g ive the differences from 
the means for 1973-1978 . (See also Attachment 3 . ) 

much deeper than its ( 9-year ) aver age . A particular ly marked contrast 
existed between the summers of 1976-1977 and 1978-1979 r the former had 
weak zonal f low , whereas the weste r l ies were strong in the latter . The 
main jet was displaced southward by 6 °  latitude in 1978-1979 relative 
to 1976-1977 , and this d isplacement was accompanied by a corresponding 
shift  in the high-latitude storm tracks . In 1978-1979 this  
d isplacement led to high-temperature extremes at stations as  distant 
from one another as McMurdo , Halley Bay , and South Pole . 

Although there are d iff iculties with the available data , longer­
term trends are also c lear ly evident in the c irculation over and around 
Antarct ica . The high level of natural var iability will make any C02 
effects d i f f icult to isolate . 

4 . 3  WEST ANTARCTIC SEA ICE ( see Attachment 4 ,  by S . F.  �kley , and 
Attachment 12 , by Claire L. Par k inson) 

Sea ice plays many roles in the present environment of west 
Antarctica . In addition to the classical ice-albedo feedback , 
cons iderat ion must be g iven to the changes accompanied by formation of 
sea ice on the oceanic pycnocline and , over longer per iods , on the 
temperatures of the deep ocean . Moreover , the free northern edge of 
the pack-ice belt is  the s ite of interactions with atmosphere and 
ice-free ocean on scales rang ing from the subsynoptic to the 
hemispher ic .  

The sea ice in  the western Weddell Sea , the Amundsen-Bellingshausen 
Seas , and the Ross Sea f irst received continuous surve illance with the 
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Figure 5 .  Average monthly ice limits 1973-1976 ,  from Nimbus 5 ESMR 
data . ( See also Attachment 1 2 . )  

electr ical scanning microwave rad iometer (ESMR) on the Nimbus 5 
satellite dur ing 1973-1976 (Figure 5 ) . The analysis of these data 
( Zwally et al . 1983)  shows that after the spr ing and summer months , 
most of the res idual Antarctic sea ice , cover ing about 4 x 1 06 km2 , 
is  found around west Antarctica . At the t ime of  the maximum extent , 
the Amundsen-Bell ingshausen sector , which has the smallest seasona l 
var iation , accounts for 20 percent of  the west Antarctic sea ice ; the 
Wedde ll  Sea contains about one hal f , and the ROss Sea , the remaining 30  
percent . 

The sea-ice covers of  both the ROss and Wedde ll seas exhibit a 
relat ively prec ipitous decl ine dur ing the months from November through 
January . The l i fe of the winter  ice cover in the Wedde ll Sea may be 
prolonged by its advection along the Antarct ic Peninsula to lower 
latitudes , where it is  qu ickly me lted (Figure 6) . 

Ice condit ions in the Weddell  Sea are now somewhat better known 
than those in the Ross and Amundsen-Be llingshausen seas , where 
information on dr ift comes solely from the tracks  of two ships trapped 
in the ice in 1 897-1899 (Belg ica) and 191 5-1916 (Aurora) . New data on 
the small-scale structure of the ROss Sea ice pack have recently been 
obtained by a irborne laser prof i l ing ,  but a great need remains for 
observat ions of ice character ist ics from all ships encountering the 
pack ice on resupply voyages and in biological projects . 

The interannual variation over the per iod of satellite surve illance 
shows no c lear trend in  ice extent . A decrease in the mid-1970s was 
temporary , being both preceded and followed by larger ice covers . 
Interannual changes have var ied in d i f ferent sectors : the maximum ice 
area of the ROss Sea increased from 197 3  through 197 5 ,  then decreased 
in 1976 , whereas the ice cover of the Weddell Sea shrank from 1973  to 

Copyright © National Academy of Sciences. All r ights reserved.

Environment of West Antarctica, Potential CO2-Induced Changes:  Report of a Workshop Held in Madison, Wisconsin, 5-7 July 1983
http://www.nap.edu/catalog.php?record_id=19419

http://www.nap.edu/catalog.php?record_id=19419


1 5  

Figure 6 .  The dr ift  of  Weddell Sea ice . (See also Attachment 4 . ) 

1974 , and again from 1975 to 197 6 ,  but increased from 1974 to 1975 ( see 
zwally et al . 1983) .  

The satellite data also provide some idea of ice concentrations and 
ice types , but as noted by the recent Meeting of Experts on the Role of 
Sea Ice in Climate Var iations , •  there is  an urgent need for ground 
truth observations and aeasurements to ver ify the results of remote 
sensing and to establ ish a fuller picture of the structural , dynaaic , 
and thermodynaaic character istics of Antarctic sea ice . 

10rganized in Geneva , Switzer land , in  June 1982 , by the WOr ld 
Meteorolog ical Organization together with the Joint SCient i f ic 
Comaittee of  the WOr ld Climate Research Prograa and the Comaittee for 
Climatic Changes in the Ocean. 
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4 . 4 ASSOCIATED CBANGBS IN WEST ANTARCTIC CYCLONE ACTIVITY 
AND SEA ICE (see Attachllent 5 , by Andrew M. Car leton) 

An analysis of ear ly satellite photos by SChwerdtfeger and Kachelhoffer 
( 1973 ) showed that the latitude belt dominated by Southern Ocean 
depress ions moves nor th and south with the seasonal expans ion and 
contraction of the pack ice . More recently , tbe developmental stages 
o f  the depress ions could be distinguished from details of their cloud 
• s ignatures . • I t  was found that in winter , the peak frequency of 
cyclogenes is coincides broadly with the location of the ice edge , which 
then is close to frontal zones in both the atmosphere and the ocean . 
I n  summer , cyclogenes is largely occur s  well nor th of the ice edge in 
the reg ion where the mer idional temperature gradient in the lower 
troposphere has its maximum (Figure 7 ) .  

The decay of depress ions ( •cyclolys is• ) occur s  preferentially in 
the embayment& of West Antarctica where the sea ice exh ibits its 
h ighest var iability . In the Ross and Amundsen seas , to the west of the 
r eg ion with the greatest number of cyclones , the ice tends to be 
advected toward the equator , and the ice extent changes interannually 
w ith the strength of a mean cyclonic circulation over that region . In 
the Weddell  Sea the relationship between the strength of the 
atmospher ic mean c irculation and the extent of the sea ice is less 
close , suggesting that the dominant effects on the sea ice come from 
the oceanic gyre .  Some differences in cyclon ic activ ity have been 
noted between the year s when the Weddell  Sea Polynya was present or 
absent , but the number of these contrasting year s  is too small to draw 
f irm conclusions . 

In the discuss ion , examples of cyclone tracks running along the ice 
edge were noted , as wer e other s  that extended across the pack ice into 
the center of West Antarctica (Figure 8 ) .  It  was suggested that 
analys is of cyclone intens ity , separate from that of cyclonic numbers , 
is  needed . Such analys is could use statistical r elationsh ips in ter ms  
o f  cloud s ignature features established by Streten and Troup ( 1979) . 

4 . 5 PRECIPITATION REGIME OF WEST ANTARCTIC ICE SBBBT ( see Attachment 6 , 
by Dav id B. Br omwich ) 

Sol id precipitation , which predominates in Antarctica , is diff icult to 
measure  in the windy conditions of the reg ion . For glaciological 
purposes the net snow accumulation (wh ich includes also the effects of 
dr ift , r ime and hoar frost formation , and evaporation) is the cruc ial 
parameter . However , the vor tices (Figure 8 ) g iv ing r ise to 
precipitation are of interest in their own r ight , as env ironmental 
features represented in models and l ikely to undergo systematic changes 
in nature . 

Apart from the Antarctic Peninsula , the only coastal observations 
in West Antarctica are those recently star ted at Russkaya , where 
upper-air observations would be par ticular ly valuable . Precipitation 
is deduced from sur face mass balance measurements at a few widely 
scattered s ites ( Little Amer ica , Byrd ,  Ellswor th , and the stations in 
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Figure 7. Sur face frontal frequency maxima (PPM), 1000- to 500-mbar 
and 500- to 300-mbar thickness gradient maxima (TGM), and pack- ice 
l imits (PI ) for summer . (From Taljaard 1972 ,  Figure 8 .9 . ) 

the Antarctic Pen insula) . In pr inciple ,  tbese net accumulation records 
can be extended into the past by data from pits and boreholes . The 
average mass gain of the ice sheet constructed from sucb data is in 
broad agreement with the mo isture flux across the per iphery of the ice 
sheet , as calculated from radiosonde observations by Rubin and 
Giov inetto ( 1962 ) , Lettau ( 1969 ) ,  and Bromwich ( 1979 ) .  

Information on the mechanisms of Antarct ic prec ipitation can be 
drawn from a few detailed ser ies of accumulation measurements made 
dur ing tbe Internat ional Geophys ical Year ( IGY) and isolated later 
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Figure 8 .  Tracks of sea level (double arrows) and 700-mbar (single 
arrows) vortices during 1958 . (After Rubin and Giovinetto 19 62. ) (See 
also Attachment 6 . ) 

years . Examples of the latter are the measurements made by Dingle at 

Byrd during 19 6 2  and at Plateau Station during 19 67,  and the fully 
published Japanese measurements at Syowa and Mizuho. The IGY 
measurements for the summers 1956 -1957 and 1957-1958 are especially 
valuable in view of the concurrent synoptic analysis for the 

southeastern Pacific (see also Section 4 . 1) . Vickers (1966)  analyzed 
the synoptic circumstances of the major precipitation episodes in the 

IGY and established their space and time scales. That work and the 
budget analysis of Bromwich (19 7 9 )  have shown that a substantial part 
of the total mass gain accumulates during a small number of 
precipitation events, in contrast to East Antarctica, where 

precipitation is more continuous. 
An intriguing feature of the West Antarctic oceanic precipitation 

regime noted by Loewe (1957) is its tendency to shower-type 
precipitation. The relative frequency of showers reported from the 

southeast Pacific and South Atlantic is 2 8  percent1 this amount 
decreases to 2 2  percent for the south Indian Ocean and falls as low as 

10 percent between l35°E and the entrance to the Ross Sea. The 
synoptic mechanisms producing these contrasts merit further 
investigation. 
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4. 6 WEST ANTARCTIC TEMPERATURE RBLATIONSBIPS AND 
THE NCIIINAL LENGTHS OP SUMMER AND WINTER SEASONS 
(see Attachment 7,  by D.  w. s .  Limbert) 

West Antarctic temperature regtmes are now quite well def ined by the 
records kept since the IGY. Key stations in the present context are 
Faraday (Argentine Islands) and Byrd (in the center of west 
Antarctica) . Their  seasonal and annual temperatures lack any 
s ignif icant cor relation r however , the Byrd temperatures throughout the 
year are strongly correlated with those measured at McMurdo , and there 
appears to be a moderate cor relation between Faraday and Macquar ie 
Island in the southwest Pac i f ic .  Lag correlations suggest that 
anomalies of the summer temperatures at McMurdo may be influenced by 
anomalies in spr ing temperatures at Faraday , perhaps through the 
westward drift of coastal sea ice . On an annual basis , however ,  the 
correlation is  higher in the oppos ite direct ion . 

Temperature anomalies along the Antarctic Peninsula can be deduced 
to some extent from the incidence of four synoptic patterns that , 
depending on the latitude of the polar trough , place a station into 
easterlies or westerlies , into the trough itself , or into the col 
between two h igh-pressure reg ions . ror Faraday , the easter ly type of 
situation appears to have come into dominance dur ing the 1970s , with 
higher -than-average temperatures in all seasons . 

The relative lengths of the summer and winter seasons are important 
for understand ing changes in the production of sea ice . They can be 
def ined phys ically by the absence or presence of a surface inversion , 
which is  also reflected in the daily maximua temperatures . In this 
way , it was found that the high temperatures of the 1970s at Faraday 
resulted pr imar i ly from the ear ly end and late start of the winter 
season . 

The estimation of temperature trends (Figure 9 )  must take into 
account local effects and is limited by the relatively short per iods 
dur ing wh ich temperatures have been observed . Proxy indicators that 
can be used to extend the instrumental records include , in addition to 
the stable isotopes in ice cores (see section 3 . 1 ) ,  a statistical 
relationship between the annual rate of net accumulation and the annua l 
mean temperatures , f irst established by Mellor (1963) . In this way it 
becomes apparent that changes in Antarctic temperature tr ends in the 
last 100-200 years have been within the range of natural var iability .  
I n  particular , the warming trend o f  the ear ly 1970s has been reversed 
in  more recent years . Pew long-term data from west Antarctica existr 
deployment of add itional automat ic weather stations is an urgent need . 

4 . 7 SURPACE MELT ON ANTARCTIC ICE SHELVES (see Attachment 8 ,  by W . S . 
B. Paterson ) 

Melting on Antarctic ice shelves (Figure 10 )  represents an 
environmental feature of spec ial interest for assessing the 
vulnerability of the ice shelves to �-induced polar warming . Such 
meltwater generally does not represent a mass lossr it percolates into 
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Figure 9 . Antarct ic temperature trends . Symbol •a•  mark s  regress ion 
l ines from l956-l978 r •b•  mar ks regress ion l ine for entire peninsula 
record .  (See also Attachment 7 . ) 

the f irn  and by refreez ing warms the upper layer of the ice shelf more 
rapidly and effic iently than can be done by conduction in firn at 
temperatures below melting . If  the increase in near-sur face f irn  
temperatures were of the order of s•c, it could affect a large par t of  
the flat ice-shelf sur face . The ma in effect of the temperature 
increase would be to increase the ice-shelf spreading and calving 
r ates , but the penetration of the warming into the inter ior of the ice 
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Pigure 10 . The pr incipal ice shelves of Antarctica . (See also 
Attachment 8 . )  

shelf would take cons ider able time , if only because the heated top 
layer is continually lost to the sea by calving . 

A first estimate of the pr esent occur r ence of sur face melt on ice 
shelves can be baaed on a small number of detailed �ratur e 
observations . Present temperatur es exceeding -6°C dur ing the auaaar 
months might qualify for melting according to aoae C02 scenario , but 
the amount of melt would depend on the energy balllnce and could change 
r adically if  intermittent snowfalls restore the sur face albedo to 
around 85 percent from the lower value of a melting sur face and delay 
the resumption of melt . 

The first detailed ice-shelf record of meltwater percolation was 
obtained from an ice cor e extracted from the Maudheia Ice Shelf , at a 
l atitude of 7 1°S,  and showed that up to 15 percent of the annual mass 
accuaulation was melted and frozen in aome years J  however , hardly any 
melt occurred in the years  of d irect inatr u.ental observations 
( 1950-1952 ) . Pur ther west in the .... latitude on the George VI Ice 
Shelf , the entire winter snow melts in suaaar ,  and some meltwater r uns 
off  to the sea . Pur ther south, at Little Amer ica (78°S) , on the edge 
of  the Rosa Ice Shel f , pos itive sur face air temper atures dur ing four 
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sets of summer months (NOvember through February ) failed to occur in  
one summer and existed for as  many as  13 7 hours  in  another . This 
amount would r ise to around 1 , 400 bours ,  or half of the entire summer , 
i f  ambient a ir temperatur es of tbe ice sbelf rose by 4°C. More 
def inite results need to be der ived from detailed sur face energy 
balance calculations , including the effects of advection , for wh icb 
Lettau ( 1977 ) has pr ovided a h ighly sophisticated •climatonomy• 
procedure . It was suggested that useful clues might be pr ovided by 
icebergs  that have reached the warmer water s nor th of the Antarctic 
Convergence . 

The probable effects of an increased concentration of atmospher ic 
C02 on the major ice shelves include increased sur face mass balance , 
due to increased precipitation, increased sur face melting , wh ich will 
not represent apprec iable loss of aass r increased sur face temperature , 
which will , in time , increase the spreading r ate and tend to th in the 
shelfr and increased basal melting , which will remove the warmest ice 
and decrease the mean temperature , poss ibly tending to decrease the 
spreading rate and thicken the shelf . A numer ical model that treats 
ice flow and heat transfer s imultaneously will be needed to estimate 
the relat ive impor tance of these different effects . 
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s. 
Model Simulations of the Present Antarctic Environment 

5. 1 A�PBERIC GENERAL CIRCULATION MODEL SIMULATIONS OF THE MODERN 
ANTARCTIC CLlMATE (see Attachment 9 ,  by Michael E. SChlesinger ) 

Antarctic features can be extracted from the published results for at 
least six different models . The polar reg ions in most cases were not 
of pr imary interest , and compar ison of the realism achieved by 
different simulations for the Antarctic reg ion is rendered difficult by 
the different map projections used and by the absence of consistent 
displays . Therefore , for this workshop , a spec ial effort was made to 
obtain the relevant information from the var ious modelers and to 
convert  it to a common and comparable form. Features examined were the 
sea-level pressure , sur face air  temperature , prec ipitation rate , and 
synoptic character istics (cyclogenetic reg ions and tracks of storms) . 
I llustrations presented' here show only examples of the results that are 
presented more completely in Attachment 9 .  

The sea-level pressure f ields s imulated with prescr ibed real istic 
sea sur face temperatures generally show the Antarctic low-pressure 
t rough in the observed pos ition , with mean pressures higher than 
observed , espec ially in winter (Figure 11) . It was pointed out , 
however , that the cur rent synoptic charts tend themselves to be in 
error over the pack-ice belt and in the •barr ier wind •  regions of the 
western Weddell and Ross seas . 

The model pressures also are generally too high over the Antarctic 
continent , although this  may represent in part  an artifact involving 
reduct ion to a nonexistent sea level from the prescr ibed smoothed 
surface elevations . More relevant compar isons could possibly be made 
for the 500-mbar surface , but the necessary model data generally have 
not been reported . 

The observed surface air temperature f ield is well matched by most 
models over the southern Ocean , where the sea sur face temperature is 
g iven its climatolog ical value ( Figure 12 ) .  The surface air  
temperatures given by the mode ls over the Antarctic continent ar e 
generally too warm r they could perhaps be interpreted as applying to 
some level ins ide the sur face inversion , but it  is not clear that the 
cor rect magnitude of the sur face heat and moisture exchanges is be ing 
achieved . 

23 
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Figure 11 . The s imulated and observe d southern Hemisphere sea-leve l 
pressure (mbar) for s ummer and winter . The mean January sea-level 
pressure simulate d by the OSU1 model is  shown for summer , and the 

mean July sea-level pressure s imulated by the UCLA1 model is shown 
for winter. The obser ved January and July sea-level pressures are 
shown base d on Taljaard et al. ( 1969) , as tabulated by Schutz and Gates 
( 1971 , 197 2) .  

• oregon State Univers ity ,  Climatic Research Institute , Corvallis . 
1 University of California , Los Angeles , Department of Atmospher ic 
Sc iences . 
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Summer Winter 

110" 

Pigure 1 2 .  The simulated and observed southern Hemisphere surface air  
temperatures ( °C) for summer and winter . The mean January temperature 
simulated by the NCAR1 model is shown for summer , and the mean July 
temperature simulated by the GISS1 model is shown for winter . The 
observed January and July temperatures are shown based on Taljaard et 
a l .  ( 1969 ) as available from the NCAR archive (Jenne 197 5 ) . 

i National Center for Atmospher ic Research , Boulder , Colorado . 
1 NASA Goddard Space Plight Center Institute for Space Studies , New 
Yor k .  
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The s imulated prec ipitat ion amounts OYer the continent ar e 
g ener ally larger than the climatolog ical values (Pigur e  13 ) . However , 

the latter ar e gener ally uncer ta in ,  and compar isons in terms of model 
a nd observed mo isture budgets might prOYe more conclus ive . 

The most soph isticated and informat ive compar isons concern the 
formation and movement of synopt ic systems , wh ich , in the ir aggr egate , 

g ive r ise to the monthly mean featur es of pr essure , temperature , and 
prec ipitation . The model s imulations gener ally fa il to r eproduce some 

impor tant cyclogenetic reg ions (e . g . , eas t of South Amer ica and south 
o f  Aus tr al ia ) and create spur ious ones , espec ially near the coast of 
Antarct ica . Moreover , the number of s imulated storms tends to be 
s ign if icantly smaller than that observed . 

The OYerall conclus ion that the exist ing atmospher ic models do not 

prOY ide adequate s imulations of the pr esent West Antarctic climate 
should be qual i f ied by stress ing the inadequate cl imatology tha t exists 
for the r eg ion and the l imited information obta inable from s imple 
compar ison of s imulated and •observed • mean f ields . Th is qual i f icat ion 
u nde r l ines the need for increased attention to synopt ic features , both 

when assess ing model s imulat ions and when descr ib ing the West Antarctic 
env ironment .  

5 . 2  ON MODELING THE OCEANIC ENVI RONMENT OP 
WEST ANTARCTICA, INCLUDING CCb-INDUCED CHANGES 
( see Attachment 10 , by Alber t J .  Semtner , Jr . ) 

Although the ma jor ity of s imulations of Antarctic cl imate have been 

conducted with pr escr ibed sea sur face temper atures ( SST) and sea- ice 
d istr ibutions , there are an incr eas ing number of s imulat ions in wh ich 
SST and sea ice ar e predicted . These s imulations , l ike those descr ibed 
i n  the pr eced ing sect ion , are be ing car r ied out w ith a h ierarchy of 
ocean/sea- ice models vary ing from a • swamp• ocean , with zero heat 
c apac ity and no heat tr anspor t ,  to the ocean ic gener al c irculat ion 
model (GCM) , wh ich is the counterpar t of the atmospher ic GCM in 
comprehens iveness and complexity .  Such soph isticated r epresentat ions 

of the ocean can s imulate the formation of intermed iate-depth and 

deep-water masses by global-scale c irculations and r eg ional processes 

that are c losely l inked to the formation and decay of sea ice and to 
basal melting of the large ice shelves of West Antarctica . Coupled 

ocean-atmosphere GCM s imulations of the Antarctic sea ice ar e d iscussed 
in Sect ion 5 . 4 . 

C ircu lation patterns match ing the observed distr ibution of water 
masses have been s imulated with a barocl inic mode l of the wor ld ocean 
u s ing a 2 0 0- km gr id (Cox 197 5) ( Pigure 1 4 ) . That r esolut ion is 
inadequate for r eproduc ing the observed mesoscale var iab i l ity of the 

Antarct ic Ocean c ircumpolar cur r ent , wh ich must be included impl ic i tly 

through diffus ion coe f f ic ients . Simulat ions with th is model and 
coar ser r esolutions must necessar ily pr escr ibe unr eal istically large 
coe f f ic ients . Probably , progress must be sought in the oppos ite 
d irect ion , with f iner-resolution models that also include a 
stab ility-dependent formulat ion of ver tical heat flux and some 

Copyright © National Academy of Sciences. All rights reserved.

Environment of West Antarctica, Potential CO2-Induced Changes:  Report of a Workshop Held in Madison, Wisconsin, 5-7 July 1983
http://www.nap.edu/catalog.php?record_id=19419

http://www.nap.edu/catalog.php?record_id=19419


27 

Summer Winter 

110" 110" 

110' 

Figure 13 .  The s imulated and obse rved Southern Hemisphere 
prec ipitation r ate for summer and w inter . The mean february 
prec ipitation rate s imulated by the GLAS 1 mode l is  shown for 
summer , and the mean July prec ipitat ion rate s imulated by the 
GPDL1 model is  shown for winter . The obse rved January and 
July prec ipitat ion rates are shown based on Jaeger ( 1976) . 

1 RASA Goddard Space Pl ight Center Laboratory for Atmospher ic 
Sc iences Modeling and S imulat ion Fac i l ity ,  Greenbelt , Maryland . 
1 Geophys ical Flu id Dynamics Laboratory/NOAA, Pr inceton , New 
Jer sey . 
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Figur e 14 . ( Top) Streaml ines of mass transpor t from the model of Cox 
( 1975) and ( bottom) sur face str eaml ines infer red from the observed 

dens ity f ield (After Lev i tus 1982 . ) ( See also Attachment 10 . )  
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Figur e 15 . The temper ature and sal inity stratif ication below the J 9  
borehole through the Ross Ice Shelf .  (See also Attachment 11 . )  

repr esentation of spec ial processes . Recent successful s imulations of 
the c irculation over the Arctic shelf prov ide gu idance for model 
exper iments that would def ine the background for a deta iled descr iption 
of what takes place under the large ice shelves at present and in 
conditions of increased C02 • 

5 • 3 POTENTIAL BFFBCT OF CO., WARMING ON SUB-ICB-SBBLP CIRCUlATION AND 
BASAL MELTING ( see Attachment 11 , by D.  R. MacAyeal ) 

The heat transfer below ice shelves r epr esents a key problem for any 
assessment of West Antarctica ' s  responses to env ironmental changes . 
The present c irculation below the Ross Ice Shelf bas r ecently been 
modeled with in the constr a ints imposed by hydrographic observations 
a long the ice-shelf front and through the water column below a s ingle 
point on the ice shelf , the J9 borehole (Figure 15) .  The model 
d escr ibes two separate c irculat ion systems that act at different levels 
and exer t the ir pr inc ipal effects in different par ts of the 
s ub- ice-shelf cav ity . One c irculation involves relatively wara, 
h igh-sal inity shelf water , wh ich produces melting in the nar rowing 
cavity near the grounding l ine and retur ns to the Ross Sea as •deep ice 
shelf water • at depths below 400 m .  The other c irculation occur s at 
h igher levels and involves warm offshore water , wh ich produces melt 
near the ice-shelf front and returns as • shallow ice shelf water • at 
depths of the order of 200 m. The r eality of these concepts can be 
demonstrated with the � l8o;l6o values of the water masses that 
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result from mixing with th e  low-� fresh water der ived from the 
glacial ice of West Antarct ic or ig in . 

The model produces the necessary heat transfer near the root of the 
ice shelf by t idal wave turbulence but does not yet prov ide the full 
penetration needed to sustain the shallow c irculation mode , although 
i ts ma in inflow is placed where it is actually observed to occur 
(nor theast of Roosevelt I sland) . I f these aechanisms can be conf iraed 
by fur ther measur ements planned for the ice front , the model w ill be 
able to deduce the changes in the basal melt rate from the changes 
pred icted or observed in the product ion and proper ties of the different 
water masses involved . 

I n  the d iscuss ion it  was emphas ized that the effects on the ice 
shelf  of changes in the basal melt r ate themselves requ ire careful 
quantitative formulation , th is point is cons idered in Sect ion 6 . 

5. 4 MODELED AND OBSERVED SEA-ICE VARIATIONS 
IN THE SOUTHERN OCEAN ( see Attachment 12 , by Claire L . 
P ar k inson , and Attachment 4 , by s .  P .  Ack ley) 

Modeled and observed sea-ice var iat ions in the Southern Ocean hold the 
k eys to several l inked problems of the West Antarctic env ironment . 
These include the poss ible steer ing of storms by the pack- ice edge , the 
dependence of water-mass product ion on the extent and concentration of 
the sea ice , and the downward tr ansfer of co2 by the thermohal ine 
c irculation assoc iated with the growth of sea ice . Moreover , changes 
in  the timing of the Southern Hemispher e  sea- ice maximum have been 
shown to magnify year-to-year fluctuat ions of the Souther n Hemispher e 
energy balance ( Pletcher 1969) . 

In  add ition to the thermodynamics of ice growth and decay , based on 
the energy fluxes inc ident at the upper and lower ice sur faces , f ive 
major stresses act ing on the sea ice need to be modeled , these r esult 
from air and water cur r ents , the Cor iol is acceleration , the dynamic 
topography of the ocean , and the internal r es istance of the ice . Most 
exist ing parameter ization& have been developed from Arctic data and for 
Arctic cond itions r only recently have the ice char acter istics of 
Antarctica ( to the extent that they are known) becoJDe the objects o f  
model ing exper iaents . 

The major differences between the numer ics in the var ious sea- ice 
models l ies in the soph istication character iz ing the formulation of ice 
dynamics , wh ich has r anged from a nonl inear v iscous-plastic rheology 
(Bibler and Ackley 1983 ) to a complete disregard of the ice dynamics 
(Wash ington et al . 1976) . An intermediate formulation (Par k inson and 

Wash ington 197 9 )  calculates ice veloc ity with a r estr icted momentum 
equation , then adj usts velocities in r eg ions of excess ive convergence 
to account for internal ice r es istance . The need for limiting the 
complexity of sea- ice par ameter ization& for coupled model exper iaents 
lends spec ial inter est to the poss ibility that the ice flow could be 
adequately r epr esented with even fur ther s impl if ications , perhaps by 
assuming the ice speed to be a fixed fract ion of the geostroph ic wind 
speed and the ice direction to be a f ixed tur ning angle from the 
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geostrophic wind direction .  On th e  other hand , formulations may need 
to b� more coapl icated , as B ibler ( 1984)  argues a in order to 
capture the effect of increas ing C02 , it may be essential to take 
into account little-known features of the Antarctic ice , such as the 
s tate of its snow cover , its th ickness distr ibution , and its str uctural 
composition , espec ially its content of ice formed under turbulent 
conditions ( fraz il) . 

S t.ulations carr ied out so far with observed or clt.atological 
ocean-atmosphere forc ing ( Pigur e 16 ) have succeeded in reproduc ing the 
maximum sea-ice expor t from the Weddell Sea and the observed as,..etr ic 
pattern of sea-ice d istr ibution around Antarctica , including even the 
autumnal development in the Weddell Sea of an ice tongue , which 
subsequently enc ircles a thermodynamically controlled open-water area , 
the Weddell Sea Polynya . An additional s t.ulation that would be of 
great interest might use the 197 9  (PGGB) observat ions to expla in wby 
the polynya did not fora in that year . 

I n  all these s imulat ions the rever se effects exer ted by the sea ice 
on the atmospher e and the ocean only appeared impl icitly in the 
observed or climatolog ical forc ing , about wh ich there is cons iderable 
uncer ta inty . Observations by Ackley in the Weddell Sea have shown that 
the temperatures on the Austr al ian synoptic char ts (determined by 
l inear interpolation between the PGGB buoys and coastal observations) 
wer e at times as much as 1o •c too high in the pack-ice zone . Such 
f laws in the atmospher ic data prov ide additional reasons for desir ing 
proper ly coupled atmosphere-ocean- ice models . 

Coupled atmosphere-ocean- ice models , however , generally have not 
yet ach ieved real istic sea- ice d istr ibutions . Th is shor tcoming appear s 
to r esult ma inly from excessively h igh s imulated ocean and atmospher ic 
temperatur es ,  wh ich in one s imulat ion were reduced by increas ing the 
prescr ibed cloud iness . The pr incipal problems are perhaps the 
coar seness of the ocean-model gr id and the inadequate representation of 
processes such as the stress-cur l-related beat transpor t and the 
overtur n ing in the thermohal ine c irculat ion . 

5 • 5 RESULTS OP AUSTRALIAN ICB SBBBT/OCBAN/A"JKKSPBBRB 
MODELING (W . P .  Budd) 

I n  a broad program of f ield observations and d iagnostic model ing , 
Austral ian worker s have addressed spec i f ic aspects of the Souther n 
Ocean and Antarct ic cl imate . 

Atmospher ic General C irculation Model Simulations with Different 
Continental TOpograph ies , Boundary-Layer Parameter izations , and Sea-Ice 
Extent 

Parallel exper iments wer e  car r ied out w ith a • rough• and a • smooth •  
Souther n Hemispher e  topography , both with and without th e  Antarctic ice 
cap. The rough and smooth topograph ies approxi��ated the continents by 
Pour ier f its with 15 and 30 components . The rough topography is more 
subject than the smooth to the well-known • r ing ing • effect in spectr al 
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Pigur e 16 . Sea- ice th ickness ( in meters ) and l imits simulated with a 
dynamic/thermodynamic sea- ice model r  in the s tippled areas the ice 
concentr ation exceeds 90 percent . (After Par k inson and Wash ington 
1979 . )  ( See also Attachment 12 . )  

models , produc ing below-sea-level land at the edges of elevated r eg ions 
in spectral models . Each configur at ion was used for a ser ies of 
sens itiv ity exper iments , with different pr ec is ions , in itiation 
procedures , boundary- layer parameter izat ion& , and cloud and ice 
a lbedos , for July and January as well as for the months of maximum 
(September ) and minimum (March ) sea ice . 

The r esults of the last of these exper iments have been publ ished 
(Simmonds 1981) . Other s can be assessed by cons ider ing the impact of 
changes in the model topogr aphy and other model assumpt ions on the 
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Figure 17 . Observed and modeled mer idional prof iles of mean sea-leve l 
pressure for January . Run 2033 : Standard model run with • rough• 
topography (15 wave number s ) . Run 2041 : As run 2033  but with 
Monin-Obukhov boundary layer . Run 204 2 : As run 2041 but allowing for 
lat itude dependence of cloud albedos . (Prom S �nds 1981 . )  

polar trough and on the tropospher ic temperature prof ile over the ice 
sheet . The rough ice-cap topography , when used in the bas ic GCM, 
weakened both the subtropical r idge and the polar trough pressure in 
compar ison with the accepted cl imatology . Introduc ing a Monin-obukhov 
boundary layer , or allowing the albedos of the c louds at d i f ferent 
levels the ir  observed changes with lat itude , resulted in mean pressure s 
c lose r to those observed ( Figure 1 7 ) . 

The ma in ef fect of systemat ically lower ing the ice-sheet sur face in 
the model was to move the entire free-atmosphere temperature prof ile by 
a few degrees toward h igher temperatures and to weaken the mar ked 
sur face invers ion found for h igh e levat ions . The s imulated sur face 
temper atures rema ined cons iderably above those observed . 
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Antarctic Sea-Ice and Ocean Beat Budgets 

The results of the Antarctic sea- ice and ocean heat flux measurements 
h ave been summar ized by All ison et al . ( 1982 ) .  The open water near the 
Antarctic coast ga ins heat by rad iat ion around midsummer but star ts 
cool ing through tur bulent exchanges by ear ly February .  After the sea 
ice has formed , the r ad iat ion hea t loss from the sur face is 
approximately balanced by conduct ion through the ice until the ice 
break s  up and the water is aga in heated strongly by r ad iation . 

The temperature prof iles in the ocean suggest that a substantial 
amount of heat is brought to the ice by oceanic advect ion .  The water 
temperatures r ise from -1 . 8 ° to -l°C through most of the depths by the 
end of Febr uary . At the coastal site of these measurements the 
salinity shows a s l ight decrease with the onset of basal melt r a much 
larger one is produced a l i ttle later by the r unoff  of meltwater from 
the ice sheet . 

The Southern Ocean as a CO, S ink 

The annual march of the atmospher ic 002 concentr ations at Mawson 
falls by more than 1 ppm below the cor responding one for South Pole 
S tat ion for the months February through June because of  the increased 
intake of C02 by the cold ocean pr ior to the formation of sea ice . 
The r esulting thermohal ine c ir culat ion then car r ies the C� down into 
the bottom water . An intr igu ing impl icat ion of the process follows 
f rom the fact that the traver se t ime is about 15 years and is of the 
same order of magnitude as the lag between an incr ease in human- induced 
C� and the r ise in the global atmospher ic concentr ation (Budd 
1982 ) .  In  these c ircumstances a stab il ization of the C� production 
rate migh t enable the ocean to catch up after about 15 years and go 
into a s teady state , with a larger flux r ate cor responding to the 
h igher global atmospher ic content of C02 • 
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6. 
Mod�I-Predicted Changes for Increased 

Atmospheric C02 and Their Critical Assessment 

The results of numerous atmospher ic GCM exper iments for substant ially 
increased conceptrations of atmospher ic 002 have been repor ted by 
SChles inge r ( 198 2 , 1983) ,  who reviewed the i r  Antarctic features for the 
wor kshop . The GCM s imulat ions generally show warming increas ing f rom 
the tropics to the poles and vary ing with season and long itude .  Tbe 
unce r ta inties of g lobal-scale pred ict ions tend to be accentuated in 
reg ional pred ict ions . 

Only one of the exper iments , that of Manabe and Stouffer ( 1980) ,  
has been repor ted in suf f ic ient deta i l  to provide predictions of the 
summer tempe rature changes and annua l prec ipitation changes for west 
Antarctica that are of interest here . Othe r models may suggest a 

somewhat h igher g lobal temperature r ise for equ ivalent changes in 
00 2. FOr a quad rupl ing of present 002 concentrat ions , summer 
tempe rature increases of the order of from 2 ° to 3 ° C  were pred icted by 
the Manabe and Stouffer model for the west Antarctic Ice Sheet J 
increase s exceed ing soc were found nor th of the Ross Ice She lf , and 
values as large as 8°C  on the h ighest parts of Bast Antarctica , which 
rema in very cold even then . The annual prec ipitat ion rate was 
pred icted to r ise generally by less than 20-cm water equ ivalent , with a 
small area of 30-cm r ise east of the Pilchner Ice Shelf and actual 
decreases on the Amundsen and Bellingshausen seas . 

These pred ic tions for a rathe r extreme 00 2 change , a quadrupl ing 
of 002 , can hardly be descr ibed as dramat ic but ought to be checked 
w ith others  that could be extracted from unpubl ished results . 

The model ing of ocean changes likely to ar ise from increased 
a tmosphe r ic C� was reviewed by Semtner . The few s imulat ions made so 
f ar suggested that sea sur face temperature r ises of the order of S°C 
would result from a doubl ing of atmosphe r ic 002 J more results wi l l  
become ava i lable from coupled ocean-atmosphere exper iments a t  
Geophys ical Flu id Dynamics Laboratory (GPDL) , Nat ional Center for 
Atmospher ic Research (NCAR) , and oregon State University . A 
prerequis ite for establ ishing cor rect patterns in the Antarct ic will be 
the use of f ine-resolut ion models , which are also needed to simulate 
the present southern Ocean c i rculat ion and transfer s .  However , some 
broad pred ic t ions have been made for potent ial related changes that 
m ight ar ise in the Antarct ic sea ice and below the large ice shelves . 

3 S  
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The key role in th is context i s  played by the temperatur e o f  the 
r elatively warm and sal ine C ircumpolar Deep Water (CDW) found below the 
pycnocl ine of the Southern Ocean . Accord ing to Gordon ( 1983)  , the COW 
temperature r ises from O . S °C in the Weddell Sea to 1 . 5 °C in the 
Amundsen and Bellingshausen seas and recently underwent a 0 . 4 ° decr ease 
i n the Weddell Sea follow ing the l ight- ice w inte r s  of the ear ly 1970 s ,  
wh ich lowered the static stab il ity o f  the pycnocline . The 
C02 - induced sur face warming , increased pr ec ipitat ion , and reduced 
w indiness , however , all could increase the stabil ity .  Gordon ( 19 8 3 )  
has estimated that , as  a r esult , the temperatur e of the COW would r ise 
by 0 . 25 °C in the Weddell Sea and by O . S °C in the Amundsen and 
Bell ingshausen seas . 

The warmer water can be expected to increase the melt r ate produced 
by the shallow c ir culat ion below the West Antarctic Ice Shelves , 
according to MacAyeal .  The consequences for the ice-shelf dynamics 
wer e  outl ined by Pater son . The increased melt would remove the warmest 
ice and might s·tiffen the ice shelf aga inst both deformation and 
calv ing . On the other hand , incr eased sur face melt ing might have the 
oppos ite effect . At least on intermediate t ime scales , i t  is not clear 
whether the comb ination of warmer air  and warmer ocean would susta in or 
weaken the ice shelves . Moreover , Budd po inted out that the transfer 
of ocean heat to the base of an ice shel f is limited because of the 
l imited time spent by the water under the ice , j udg ing by measur ements 
on the Amery Ice SheLf . 

Changes r esulting for the souther n sea ice from C02 - induced 
globa l warming have been modeled by Par k inson and Bindschadler ( 1984 ) 
by pr escr ib ing temper ature r ises of d i f ferent magnitudes . The r esults 
calculated with the Par k inson and Wash ington ( 1979 ) model establ ish 
hemispher ic and r eg ional values of the lat itud inal d isplacement of the 
ice edge per degree (Cels ius) temperature change . But in real ity , the 
presence of sea ice exer ts strong control on the temper ature , and the 
ice extent is modulated also by changes in wind , wh ich r esult from the 
temper ature anomal ies . Ackley pointed out that th is r elat ionsh ip 
expla ins how thermodynamically created pos itive anomal ies in the 
maximum extent of sea ice can be followed by dynamically produced 
negative anomal ies in the minimum extent , as well as reg ional 
d ifferences . The observed inter annual var iations in extent of sea ice 
have been as large as 3 . 5 x 10 6 km2 and sugges t that the 
s ignal-to-noise r atio of the souther n sea- ice extent may not be large 
enough to prov ide a useful tool to detect the ear ly development of 
C02 effects ( see Par k inson , Attachment 12) .  
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7. 
Conclusions and Recommendations 

7 . 1  PRESENT ERVIRORMERT OP WEST ANTARCTICA 

The exist ing cl imatic condit ions of West Antarctica are inadequately 
defined by ava ilable observations . Antarct ic communications at the 
best of t imes are haphazard , so the routine meteorolog ical data ofte n 
fail  to enter the g lobal telecommuniation system and standard 
meteorolog ical arch ives . Many spec ialized observations made both a t  
s tat ions and ,  espec ially , on traverses have never reached a collection 
or arch ive . Yet all these observat ions were made at g reat expense and 
are as unique and irreplaceable as are the h istor ical ship observat ions 
that have been the obj ect of an internat ional arch iving proj ect of the 
Wor ld Meteorolog ical Organizat ion (WMO) . 

Recommendat ion : Establ ishment of an arch ive of all per tinent Antarctic 
data that can still be recovered . Emphasis would be placed on cer tain 
per iods , from individual years to weeks , at t ime s  when unusually large 
amounts of data were collected , or when s ignif icant weather or 
oceanograph ic events occurred . 

The year of the IGY and subsequent years should rece ive spec ial 
attention , for in th is pe r iod there was a dispropor t ionate increase in 
the r ate at which obse rvations were made and in the var iety of data 
collected , as well as an end to the class ical thoroughness of repor ting 
of exped it ionary results in monographs . TOgether with the archiving of 
pas t  Antarct ic data , the collecting and archiving of cur rent and futur e  

data should be reorganized to ensure the cont inued growth o f  complete 
and high-quality observat ional records read i ly access ible to cl imate 
researchers . 

· 

These broad recommendat ions cove r also a top pr ior ity contr ibut ion 
that the Sc ient i f ic Committee on Antarctic Research (SCAR) nations ar e 
be ing asked to make to the wor ld Climate Research Program (Allison 
1983 ) .  But even the best conce ivable cl imatology of Antarctica will be 
based on shor t observat ional se r ies fragmented by the c los ing and 
reopening or relocat ing of stat ions .  When the high interannual 
var iability of the polar cl imate is added to this discontinuity ,  an 

adequate cl imatology in the convent ional sense becomes at best a 
d istant goal . This s ituat ion accounts for the cont inued reference to 
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individual year s in  the ear l ier discuss ion of the Antarctic circulation 
( see Section 4 ) .  

Instead , in developing the Antarct ic arch ives , spec ial weight 
should be placed on cover ing per iods rang ing from individual year s down 
to weeks when the vagar ies of logistics prov ided fuller-than-usual data 
or when significant weather events took place . OUtstanding examples 
are  the PGGB year , 1979 , and the summer s  of 195 5- 1956 , 19 56- 1957 , 
195 7- 1958 ,  and par t of 195 8- 1959 , when observations from the whaling 
ships in the southeast Pac ific adequately descr ibed the synoptic 
systems over the Southern Ocean , dur ing the last  two of these summer s 
the moat intense observational effor t ever was proceeding on the ice 
sheet . Of mor e  recent data , the digitized aer ies of Austral ian weather 
char ta s ince 197 2 deserve to be included in the arch ive and should be 
supplemented by complete recorda of  hour ly to s ix-hourly meteorolog ical 
observations made at manned and automatic stations and on ships . These 
observations are needed to clar i fy precipitation processes and the 
c reation of stable isotope changes in ice corea . 

As controls on the Australian char ta ,  microfilmed or digitized 
synoptic char ta of the other Southern Hemisphere weather services 
should be arch ived for the same per iod . useful h istor ical map aer ies 
were prepared by the South Afr ican Weather Bureau for 19 5 1- 1963 and by 
the International Antarctic Analys is Center in Me lbourne , Australia , 
for the 1960s . But i t  is  impor tant to r emember that , except for 
isolated br ief per iods ( such as the summer s of  19 5 5- 1956 to 195 7- 1958 , 
and the FGGE year , 1979) , all Southern Hemisphere weather charta had to 
be constructed from quite inadequate observations . 

Other large groups of data that should be brought together into an 
Antarctic arch ive are the individual upper-a ir temperatures and winds 
observed by the steadily shr ink ing r adiosonde network of Antarctica and 
the full range of satellite data , obtained with v is ible , infrared , and 
m icrowave r adiation sensor s . 

Finally , two extremely important requirements of an Antarctic data 
arch ive should be reiterated : adequate qual ity control and easy access 
for user s . Although integral features of  any arch ive , they must be 
especially stressed here , for they seem to present par ticular problema 
in relation to Antarct ic data . 

7 .  2 MODEL SIMULATIONS OP THE PRESENT ATMOSPHERIC ENVIRONMENT OP WEST 
ANTARCTICA 

A realistic r ender ing �f the present env ironment of West Antarctica by 
models of i ta atmosphere , ocean , and ice is an essential prerequ isite 
for any credible prediction of � effects . Bas ic problema include 
how to incorpor ate the earth ' s sur face topogr aphy in the models and how 
to determine . the natural var iability of climate in the models . I n some 
cases treating the polar r eg ions and the entire southern Hemisphere as 
areas of  secondar y interest has permitted the models to be tuned for 
better per formance in r egions of pr ime interest--the Northern 
Hemisphere middle latitudes and the tropics . To settle the many 
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questions raised about Meat Antarctica in the C02 debate , the 
Southern Hemisphere should now become the focus of the mdela . 

A specif ic strategy for t.prov ing the atmospher ic general 
circulation Jmdela (AGCMa) should have the following caaponenta (see 
a lso Attactu.nt 9 ) .  

Recommendation : Model Validation Studies (Bow well do AGCMa a t.ulate 
the present Antarctic climate? ) 

1 . Expand the compar ison of the Jmdel s imulations to include the 
var iables in the free atmosphere such as temper ature , winds , aoiature , 
and clouds . 

2 .  Compare the mdela ' s imulated cyclogenea ia/cyclone tracks with 
observations , for example , by the method proposed by Trenberth (see 
Attactu.nt 3 ) . 

3 .  Compare the components of the sur face energy budget (solar 
radiation , upward and downward longwave radiation , sensible and latent 
heat fluxes) s imulated by the models over West Antarct ica w ith 
observations . 

4 .  Compare the components of the snow and ice budgets simulated by 
the models (snowfall , sublimation , melting ) for West Antarctica with 
observations . 

5 .  Extend all cOJDpar iaona to as many AGOIB aa poss ible . 
6 .  Because of the large year-to-year fluctuations in the 

c irculat ion around Antarct ica , develop s imulations not only of the mean 
fields but also of the level of interannual var iability . 

Recommendation:  Model Sens itiv ity Studies ( Bow  are the AGCM s imulation 
er ror s  produced/corrected? ) 

1 .  Determine whether sea-level pressure errors  over Antarctica are 
due to an erroneous method of reduction to sea level or represent an 
error in the distr ibution of mass . 

2. Determine why moat models underestimate the intensity of the 
Antarctic c ircumpolar trough and why moat impr ovements in this featur e 
r esult in the generation of an •Arctic c ircumpolar trough . •  

3 .  Determine whether the larger-than-observed sur face air 
temper atures and/or prec ipitation rates over Antarct ica are the r esult 
of the pr escr ibed orography be ing too low in elevation and/or too 
smooth . 

4 .  Determine whether the leas frequent cyclogenea ia off the east 
coast of South Amer ica� southeast of Afr ica , and south of Australia ia 
the r esult of the prescr ibed orography for those continents . 

Recommendation : Atmosphere-ocean Model Simulat ion Studies of 
c92 -1nduced Cl imate Change (Bow do models s imulate C02- induced 
c l imate changes? ) 

1 .  CCIDprehenaively docUII8nt the models • s imulations of the present 
climate , which are  used as the controls for the enhanced co2 
climates , with par ticular attent ion to sea ice and snow. 
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2 . Per form studies to ascer ta in the statistical s ignif icance of 
the models ' s imulated cl imate changes . 

3 .  Analyze the models ' statistically s ignificant cl imate changes 
( i f necessary ,  extend the length of the s imulations to obta in 
stat istically s ignif icant results )  to determine : 

a . The role of the pr edicted changes in ice and snow in the 
warming and the accelerat ion of the hydrolog ical cycle . 

b .  The effects o f  the c l imate change on the unpredicted ice 
components such as the West Antarctic Ice Sheet and ice shelves . 

7 .  3 MODEL SIMULATIONS OP THE OCEANIC ENVIRONMENT OP WEST ANTARCTICA 

As a general r equirement·, the use of finer-resolut ion ocean models was 
emphas ized as the development most l ikely to lead to improved r eal ism. 
In par ticular , the use of such models would help to def ine more 
prec isely the processes contr ibut ing to the melting below ice shelves . 
Realistic model r epr esentations of Antarctic sea ice need above all new 
observat ional data , as well as a consensus tr ade-off between phys ical 
completeness and computation time requirements . Por the extended 
coupled exper iments with atmospher ic and oceanic GCMs that l ie ahead , 
the sea- ice par ameter ization& will have to be r educed to the most 
essent ial physics . 

Recommendation: Studies to test model s imulations of the oceanic 
env ironment .  A specific strategy for improv ing model r epr esentations 
of the Souther n Ocean and predictions of oceanic responses to 
increas ing atmospher ic � should involve the following steps ( see 
also Attachment 10 ) . 

1 .  Beg in with a r eg ional model hav ing intermediate gr id s ize ( 100 
km) . 

2 . Par ameter ize eddy effects , as suggested by eddy-resolv ing 
quas i-geostroph ic studies , with r eal istic coeffic ients for the 
hor izontal <As , �) and ver tical (Is , �) eddy d iffusion of heat 
(H )  and momentum (M) . 

3 . Allow Ka to depend on the buoyancy fr equency (N) or on the 
Richardson number (Ri ) . 

4 . use pr imitive equat ions w ith prognost ic temper atur e and 
sal in ity and the nonl inear equation of state . 

5 .  Spec ify an ideal ized (but � zonally symmetr ic) geometry .  
Provide adequate ver tical r esolution (>10 levels ) . 

6 .  Include an indented deep cont inental shelf (Weddell Sea) , a 
par t ially blocked channel (Dr ake Passage ) , and topogr aphy (SCotia 
Ridge ) . 

7 .  Prescr ibe seasonally varying , zonally symmetr ic wind forc ing . 
8 .  Ideal ize the tr eatment o f  sur face energy fluxes . 
9 .  Include thermodynamic-dynamic ice cover and (melting-freez ing ) 

ice shelves . 
10 . Speci fy the temperature and transpor t of the Nor th Atlantic 

deep water (NADN) in some fash ion . 
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11 . With such a model , try to reproduce known aspects o f  the 
general c irculation (especially the formation of Antarctic bottom water 
(AABW) and the transport of the Antarctic c ircumpolar current (ACC) .  

1 2 .  TO pred ict potential oceanic consequences of increased 
atmospher ic 002 , consider effects of increased sur face heating and 
prec ipitation , following Gordon (l983) J e ffects of a reduction in NADW 
transport , following Rooth ( l982) J  and effects of a change in wind 
forc ing . 

7 . 4 MODEL PREDICTIONS THROUGH NEW MEASOREMERTS AND MONITORING 
OBSERVATIONS 

With these proposed developments and changes ,  the atmospher ic and 
oceanic models can be conf idently expected to advance from thei r 
a lready considerable achievements in matching the broad features of the 
global climatic system to more faithful simulations of its reg ional 
manifestations . This progress will also lead to f irmer predictions of 
what the r ise in atmospher ic 002 concentrations might or might not do 
to the west Antarctic environment . Although some of the gaps in the 
present sketchy pictures of the West Antarctic environment could be 
c losed by the analyses of existing data suggested in Section 7 . 1 ,  there 
is an urgent need for add itional measurements and observations to 
define essential features for the models to reproduce and project into 
the future .  Detailed requirements have been spelled out in 
r ecommendat ions of recent documents of the Polar Research Board ( 1983)  
and its Committee on Glac iology ( 1983 ) . 

Recommendat ion : New measurements and monitor ing to test model 
prediction . In addition to further ice cor ing and continued monitor ing 
of the sea-ice extent and concentration , thi s  should include the 
following : 

1 .  Automatic weather stations should be established at key island 
locat ions such as Peter I Island , in the open and ice-covered ocean and 
on the ice sheet . Such an expansion of the present network should be 
coordinated with the emerg ing Tropical Ocean/Global Atmospher ic (TOGA) 
project , which will  form the second main theme of the wor ld Climate 
Research Program. 

2 . Systematic observat ions should be made , from icebreakers and 
biolog ical research vessels , of sea-ice properties (thickness ,  
concentration , fraz il  content , etc . ) , especially in the Amundsen and 
Bellingshausen seas . 

3 . Strain and veloc ity measurements are needed for the ice 
streams discharg ing into the Ross Ice Shelf . 

4 .  Changes i n  the posit ions o f  the ice-shelf grounding l ines need 
to be monitored . 

s .  Core dr i lling through the west Antarctic Ice Sheet is needed 
to establish its h istory , at least as far back as the last 
interglac ial , and through the Pilchner -Ronne Ice Shelf to c lar ify 
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resemblances to and differences from the Ross and Amery sub-ice-shelf  
c irculations . 

6 .  Observat ional and modeling stud ies should be undertaken of 
ice-shelf calving and of the back stresses exerted by the ice-shelf  
embayment and by the discharge of  ice streams . 

7 .  Of special impor tance in the 002 context will be the 
monitor ing of features that might g ive an ear ly warning of effects  
pred icted by the models . As pointed out ear l ier , the large interannual 
var iabi l ity of the southern sea ice may make it necessary to look for 
c lear s ignals in the ice structure rather than s imply in the extent of 
sea ice . Temperatures observed at Antarct ic stations and f ield sites , 
and espec ially on Antarct ic and sub-Antarctic i slands , should be 
continuously monitored , together with synoptic trends as represented by 
the pressure var iability patterns at different levels in  the 
atmosphere . A r igorously planned set of oceanograph ic observations i s 
needed . 

8 . Satellite measurements of  changes in the elevation of the 
ice-sheet sur face are urgently needed . These methods are fast 
approaching technical feasibility and represent another monitoring tool 
of great value , for they will  g ive the space-t ime integrated response 
of the ice sheet itself . 

Per forming even a part  of these recommended measurements and 
observations would br ing many of the outstand ing questions about 
potential c�-induced changes in the environment of West Antarct ica 
substantially closer to solution . 

The most urgent question posed by such changes--the response of the 
2 x 106 km3 of ice stored above sea level in the west Antarctic Ice 
Sheet--was not on the agenda of the workshop . Nevertheless , most of 
the del ibe rations had a bear ing on that quest ion and provided impl ic it 
answers to it . A major uncertainty is where increased sur face and 
basal melting would cause the ice shelves to stiffen and thicken or  
soften and thin .  Another major uncertainty concerns potent ial 
ice-sheet surges . Preliminary ind icat ions are that the ice streams 
pr imar ily involved are ma intaining their  present fast movement in 
approximate balance with the ice-sheet accumulation . In other words , 
the ocean i s  gaining roughly as much mass in the form of icebergs as it  
i s  losing by evaporation , which provides the accumulat ion feeding ice 
streams . It remains to be determined whether the ice streams could 
change to an unbalanced mode of flow i f  reg ional temperatures and 
accumulation r ates were  to increase by amounts of  the orde r predicted 
for higher atmospher ic co2 concentr ations . No new facts emerged to 
c hallenge the conclusion that substantial responses of the glacial ice 
are likely to take at least several centur ies to develop (Thomas et al . 
1 979 r Bentley 1982 , 1983 ; Revelle 1983 ) . 

7 . 5 CONSENSUS ANSWERS TO DOE QUESTIONS 

The participants formulated the following answers  to the questions 
proposed for wor kshop consideration by T.  J .  Gross , of the C02 
Research Division . 
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1 .  Bow adequate are climate model s imulations in repr esenting 
present conditions (var iables , resolution , etc . ) ?  What additional 
var iables could be calculated by general c irculation models that aigbt 
be of use? Do inadequacies of present a tmulationa affect model 
predictions elsewhere on the globe? 

The s �lationa of r eg ional features by gener al c irculation models 
are generally qu ite inadequate , for example , they have invar iably 
y ielded temperatures and pressures that are substantially h igher than 
those observed in key reg ions . Soae of the discrepancies are difficult 
to judge precisely from the l iaited results , a problea that could be 
considerably eased by generating difference plots . Eddy statistics for 
atmospher ic s iaulations would be especially valuable for getting at the 
basic cause of  the discrepanc ies and for clar i fy ing episodic processes 
that create precipitation , sur face melt , and sea-ice changes . 

Many of  the inadequacies of the Antarctic simulations probably 
ar ise from the s iapl istic model ing of sea-ice and ice-sheet 
boundary-layer processes . Other abortooainga could perhaps represent , 
in part ,  the pr ice paid for �roved s iaulations of Northern Hemisphere 

conditions with models that use the Souther n Beaiapbere more as a 
tun ing device than as �r tant in its own r ight . In the long term, 
however , improvements in the representation of the Southern Hemisphere 
w ill allow better s iaulation of global cl imate features , which cannot 
be ach ieved until the Southern Hemisphere representations are  tmproved . 

2 .  What information , including resolution and accuracy, is regu ired to 
determine the sensitiv ity of the Antarctic ice sheet/ ice shelves/sea 
ice to warming? 

Present models of ice sheets that could be used to assess the ir 
sensitivity to warming-r8qu ire , above all , measurements of the sliding 
and deformation r ates of the larger ice streams of Antarctica and 
Greenland . More information is also needed on the mass balance and the 
topography of sur face and bedrock of large areas of Antarctica . 

Present models of ice shelves that could be used to assess thei r  
sensitivity to waraing-r8qu ire , above all , realistic estimates of the 
sur face and basal heating that would result from h igher atmospher ic 
temper atures . The sur face beating must be established by aodeling the 
reg ional atmospher ic c irculation of the warmer scenar io , wh ile the 
basal heating must be der ived by model ing the expected production r ate 
of the major water masses involved in the sub- ice-shelf  c irculation 
systems . Hydrogr aph ic measurements are also needed to further 
substantiate deta ils of the c irculation system , espec ially for the 
F ilchner-Ronne Ice Shelf . 

Present models of sea ice that could be used to assess its 
sensitivity to warming-r8qu ire , moat of all , observations on the 
present th ickness d istr ibution and structural proper ties of Antarctic 
sea ice , espec ially for the Bell ingshausen and Amundsen seas . Also 
desirable is consolidation of existing models into one model combining 
the most essential physics with maxiaua s implicity for use in 
long-term, coupled ocean-atmosphere exper iments . 
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The resolution and accuracy of the var ious new measurements 
r ecommended are  in the r anges of 30  km and 10 percent , r espect ively , 
but need to be assessed separately for each var iable in the light of 
existing logistic capabil ities and oppor tunities . Satellites already 
provide essent ial microwave data on sea ice and promise information on 
the ice-sheet sur face accumulation . Satellite laser and r adar systems 
may soon be able to detect minute changes in the ice-sheet sur face 
e levation , a key factor for interpreting changes in sea level . 

3 . Bow can equilibr ium-cl imate model results be applied to 
analys is of time-dependent ice dynamics? 

Th is is a special case of • asynchronous coupl ing , •  a strategy 
widely used in ocean-atmosphere model ing .  I ta pitfalls are d iscussed 
in paper s  by Harvey and Schne ider ( in press , and unpublished 
manuscr ipt ) . I n  exper imental ocean-atmosphere modeling teats , they 
found that holding atmospher ic temperatures constant wh ile computing 
oceanic temperatures led to very large error s ,  these er ror s wer e  
considerably reduced by f ixing , instead , the turbulent f luxes between 
the ocean and the atmosphere . The conclus ion is that much testing will  
be  needed to establ ish the potential er rors that any par ticular 
coupling scheme might introduce in climate/ ice-sheet s imulations . 

4 .  What is the pr ior ity for model improvements (ocean dynamics , 
sea ice , atmosphere , etc . ) ? 

Ocean dynamics : P iner resolution is needed to s imulate water-mass 
production and deep-convect ion processes . A deta iled program for model 
development appear s in Section 7 . 3 . 

Sea ice : The main need is for a model of intermediate complexity , 
reta ining the essential physics for long-term s imulations with observed 
and model-der ived forcing .  

Atmosphere :  A detailed program for improv ing the atmospher ic 
models is g iven in Section 7 . 2 .  

Ice sheets : The dynamics of ice streams and their interactions 
with the slow-mov ing adjacent ice and with terminal ice shelves awai t  
more near ly adequate model ing , but th is development depends to some 
extent on new data . 

5 . Bow can the use of global and regional models to improve 
s imulations be coordinated? 

The necessary • nested gr id• techniques have been developed in other 
contexts (severe storms , tropical cyclones , air  pollution) . The ir 
adaptation to the West Antarctic problema such as sur face melting in 
the ice shelves , epiaodal precipitation , sudden changes in the sea-ice 
d istr ibution , and the l ike presents no intr insically new problema and 
could be under taken as a par t of implementing the strateg ies for model 
improvement suggested in Sections 7 . 2  and 7 . 3 . 
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6 . What can b e  done to i!prove coord ination between Jmdel and 

obaerYational stud ies and what should be done to encour ate more 
indiv iduals and groups to g ive these issues h igher pr ior ity? 

Wor k shops such as th is one are excellent means of coordinating such 
stud ies . Seminar aer ies by those engaged in mak ing observations should 

be sponsored in mode l ing establ ishments to incr ease awareness of the 

data that ar e ava ilable . An informal per iod ical mak ing known cur rent 
wor k and new r esults , s iailar to the Tropical Ocean-Atmosphere 

Newsletter that has been pr epar ed and distr ibuted for some year s by 
NOAA ' s P ac i f ic Mar ine Bnv ir�nt Labor atory ,  could be a valuable 
coord inat ing tool . 
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Appendix A: Workshop Presentations 

ATTACBMBNT 1 

DATA PROM ANTARCTIC ICE CORES ON C02c  CLIMATE , AEROSOLS , 
AND CHANGES IN ICE TBICDBSS 

c . Lor ius 
Laboratoire de Glac iolog ie et Geophys ique 

de l ' Bnvironement , Grenoble , Prance 

Analyses of polar ice cores have yielded a number of parameter s that 
provide proxy data on climatic changes and on impor tant factor s that 
may influence them (Table 1) . In particular , the isotopic compos ition 
(6 ) of the ice is an indicator of temperature change , the amount of 
impur ities is linked with aerosol concentration , and the amount and 
composition of entrapped air  reflect the ice thickness and atmospher ic 
compos ition . 

Although the transfer functions used for such reconstructions 
requ ire some ref inement , appropr iate information has already been 
obta ined from Antarctic ice cores on time scales cover ing the climatic 
trans ition from the late glac ial max imum (LGM) to the Holocene and the 
last 100 years  or so . Both these per iods are character ized by a 
significant and comparable increase in carbon dioxide (C02) ,  but 
climatic parameter s and other forc ing factor s show very different  
changes . 

THE LATE GLACIAL MAXIMUM/HOLOCENE TRANSITION 

Cl imate 

One inland ice record from West Antarctica (Byrd)  and two from Bast 
Antarctica extend back to the LGM (Figure 1 ) . The isotopic shift 
assoc iated with the deglac iation var ies from 5 to 7 percent J after 
correct ion for change of the mean isotopic compos ition (+1 . 6  percent ) 
of  the ocean due to the melting of the ice (ma inly from the Nor thern 
Hemisphere)  and us ing available empir ical and theoretical transfer 
functions , the isotopic data suggest a mean temperature change of about 
e •-1o •c .  These f igures apply to sur face conditions ( Lor ius et al . 
1984 ) and assume no drastic change of the ice th ickness . Theory (Robin 
1977 ) and compar ison of 6 and dust indices from the Dome C ice core 
with other continental and mar ine 14c-dated records suggest that 
accumulation may have been lower by about 25 percent dur ing the LGM. 
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Table 1 .  Ice Cores a s  Sources o f  Environmental Proxy Data 

Atmesphere Snow and Ice 

Cl imate 
Temperature , relative humidity 

Prec ipitation 

Atmospher ic Environment 
Composition of the atmosphere 

Aerosol concentrat ions 

Intens ity of mar ine , 
continental volcanic , 
anthropogenic , and 
extraterrestr ial sources 

Atmospher ic transpor t 

Ice-Sheet Thickness 
Sur face elevation 

Carbon Diox ide 

Isotoiic composition 
( 6 1 0 ,  6D )  

Th ickness of accumulated 
layer s 

Ice-bubble composition 

Concentrat ion and compo­
s it ion of impur it ies 

Total gas content 

C02 concentrations have been measured on the DOme C (Delmas et al . 
1980 ) and Byrd (Neftel  et al . 1982) ice cores . Although there is  some 
scatter in the data (Figures 2 and 3 ) , which could reflect both 
exper imental problems and natural fluctuations , some features are 
clearly �pparent : C02 concentrations are of the order of 200  parts 
per mi llion by volume (ppmv) dur ing the LGM ;  a mean value for the 
Holocene is about 270  ppmv .  Possible explanations involve changes in 
the mar ine biolog ical productivity (Broecker 1983 ; McElroy 1983 )  or in 
the reef-building activity (Berger 1982 ) in connect ion with the r ise in 
sea level ; possible mod i f ication in the oceanic c irculation may also 
play a pr imordial role (Stauffer et al . 1984 ; Broecker 1983) .  As the 
ice-bubble composition may integrate a rather large t ime interval , the 
existence of a possible time lag between C02 and the 6 climat ic 
record has still to be established . This problem is  compl icated 
because of the existence of large fluctuations over shor t-term 
intervals and several step changes in atmospher ic C02 var iation 
(Raynaud and Barnola 1984) . Nevertheless , the change in atmospher ic 
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Figure 1 .  Antarctic isotopic (a 1 8o) prof iles over the last 20 , 000 
years : Vostok ( from Bar kov et a l .  1977) , Byrd ( from Johnsen et al . 
197 2) ,  and Dome C ( from Lor ius et al . 1979) . 

C� concentration may have contr ibuted s igni ficantly to the amplitude 
of the c limat ic warming . 

Aerosols 

Another str iking feature of the three LGM ice-core records is the very 
large load of atmospher ic aerosols at this  t ime (Crag in et al . 1974 J 
Petit et  al .  1981 J Thompson and MOsley-ThOIIpson 1981 J de Angelis et a l .  
i n  press ) . A large increase of the flux of  continental dust in the 
atmosphere (up to about x20 ) is then observed J mar ine aerosol 
concentrations are about x5 with respect to mean Holocene 
concentrations (Figure 4 ) . These h igh values have been interpreted by 
increased (possibly up· to 1 . 4-2 t imes greater ) wind speeds modulated by 
deser t and area of sea-ice extent . The large-scale atmospher ic 
c irculation increase is probably due to a greater latitudina l 
temperature gradient (CLEMAP Project 1981) . It has been estimated that 
the total LGM atmospher ic dust load was about 5 or 6 times larger when 
compared with the Holocene (ROyer et al . in press) J this  atmospher ic 
dust could have affected the radiat ion balance and signif icantly 
reduced the temperature change observed in Antarctica dur ing the 
deglac iation . Although some layer s  of volcanic ash have been observed 
in the Byrd ice core , they are likely to be of local or ig in J  present 
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Figure 2 . C02 concentrations and stable isotope content in the Dome 

E 
.r. a 
CP 0 

C ice core plotted as a function of age and depth (meters  of ice ) . Por 
the C0 2 concentrations , two •extreme • ranges of var iat ion are shown . 
The le ft one takes into account measurements per formed also on another 
Antarctic core . The r ight one , based only on Dome C results , suggests 
shorter -term natural fluctuations . (Or ig inal data from Delmas et al .  
1980 . )  

ev idence suggests that the volcanic dust loading over Antarct ica was 
not highe r dur ing the LGM .  

Ice Thickness 

As previously mentioned , the amount of air  entrapped in the ice depends 
on the elevation (atmospher ic pressure)  at which the ice was formed . A 
few avai lable data from Byrd ( see Raynaud and Wh illans 1982 , Figure 3 )  
and Vostok ( Korotkevicp et  al . in press ) indicate no drastic change of  
inland ice th ickness dur ing the deglac iat ion . The data suggest , in 
fact , a sl ightly thinner ( 100-200 m)  central West and East Antarctic , 
i n  d isagreement with some ice-sheet reconstructions . Results from 
coastal s ites of East Antarctica ind icate thicker (400-500 m) LGM ice 
( Budd and Morgan 1977 � Young et al . 1984 ) .  A slight thickening of 

central West Antarct ica between the LGM and the Holocene could have 
been induced by an increase in the rate of snow accumulat ion , whi le 
coastal areas may have thinned under the influence of increases in  sea 
level and temperature . 
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F igure 3 . Stable isotope content ( from Johnsen et al . 1972 ) , total gas 
content ( from Raynaud and Wh illans 1982) , and C02 concentrations 
( from Heftel et al . l982 r Oeschger et al . 1982) J prof iles obtain�d at  
Byrd Station . For the gas-content record ,  the difference between l ine 
1 (expected value assuming stable conditions ) and l ine 2 (mean measured 
values around the LGM) suggests that the Byrd area was then slightLy 
lower than now . 

THE LAST CBH'l'URY RECORD 

Carbon Dioxide 

Recent measurements per formed on the Dome C and Byrd ice cores indicate 
(Barno1a et al . 1983 ) that between about 800 and 2500 year s B. P . , a 
per iod pr ior to the s ignificant anthropogen ic per turbation , the C02 
concentration was of the order of 260 ppmv ( see Pigure 5 ) .  Further 
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Figure 4 . Smoothed stable isotope content , dust , and Na mar ine 
concentrations prof iles for the Dome C ice core plotted as a function 
of  age and depth (meter s of ice ) . (Prom de Angel is et al . l982 . ) 
Number s  indicate the different cl imatic stages . 

study of another core (D 57 , Raynaud and Barnola 1984 ) suggests the 
existence of sl ight natural var iations pr ior to about 1850 r a 
•pre industr ial • value of  260 ppmv has also been obta ined from th i s  
deta iled Bast Antarctic reeord . Th is f igure should be compared with 
the C02 concentration measured today in the atmosphere , 340  ppmv J  the 
p reindustr ial value obtained from ice cores is s ignif icantly lower than 
the one (about 295  ppmv ) generally used for model ing the pr esent C02 
increase ( Lor ius and Raynaud 1983 ) and to explain global temperatur e 
changes from var ious forcing factor s . 

Cl imate 

Extens ive Antarct ic meteorological data do not extend back pr ior to 
1957  ( see Attachment 7 , by D .  w. s .  Limber t) . Some longer 
i sotope-c l imatic time ser ies r ecords are being determined but are not 
yet ava ilable . A deta iled a profile obta ined at South Pole (Jouzel  
et al . 1983 ) shows a rather good cor relation with meteorolog ical data 
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Figure 5 . C02 concentrations measured on a core  section from Dome C 
( depth is 132 . 9 m below the sur face) .  (Prom Barnola et al . 1983 . )  

observed over the last 20 year s r  the isotopic prof ile (Figure 6 ) 
suggests a alight warming from about 1890 to 194 5 , followed by a 
cooling up to about 1960 and leas negative temperatures s ince then . 
Data from West Antarctica are not yet ava ilable , but the 00.. C record 
(Petit et al . 1981 ) does not show identical features . No clear a -T 
trend over the last century can cur rently be established from available 
data , poss ibly because of a weak • temperature s ignal/isotopic noise •  
r atio r it is also poss ible that different parts of Antarctica 
exper ienced different behavior s over this t ime scale , as suggested by 
changes over the recent decades ( see Attachment 2 ,  by H .  van Loon ,  and 
Attachment 7 ,  by D .  w .  s .  Limber t) . 

Accumulation time aer ies can also be obtained froa dated ice cores , 
although accumulation differ s from precipitation due to the influence 
of var ious factor s ( snow dr ift , topogr aphic features , aubl�tion , 
etc . ) . Accumulation recorda over the last century , obtained at South 
Pole , show different results ( see Figure 7 and G iov inetto and 
Schwerdtfeger l966 r Moaley-Thompson l980 r Jouzel et al . 1983 ) ,  which 
may r esult from uncertainties in dating or local effect , as the studied 
sites are different . A h igh interannual and areal var iability may 
poss ibly account for the observed discrepancies . Accumulation data are 
also ava ilable from Little Amer ica and Byrd , both in West Antarctica , 
pr ior to 1958 . No secular trend is obv ious (Gow 1968) . More data arv 
ava ilable over the last decades . Prom radioactive fallout , wh ich 
character izes the 1955  and 1965 summer layer s in Antarctica , it has 
been shown (Pourchet et al . in press) that all over Antarctica the 
accumulation increased by about 30 percent ( in a range of from 10 to 92 
percent ) between about 1975  and 1965 when compared with the decade 
1955-1965 . The studied stations in West Antarctica include South Pu�e , 
the Antarctic Pen insula (James Rosa I sland) ,  and 2 1 sites from the R�as 
Ice Shelf (Clausen and Dansgaard 1977) . 
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Figur e 6 .  South Pole : isotopic ( �D) prof ile observed over the last 
century with indication of the smoothed estimated temperature change at 
ground level . (Prom Jouzel et al . 1983 . ) 

Aerosols 

There is no indication of a s ignif icant secular trend for the Loading 
of atmospher ic aerosols over Antarctica . Short-term fluctuat ions may 
be connected w ith atmospher ic transpor t changes , but the major 
concentration peaks are assoc iated with spec i f ic volcan ic event s  
(Figure 8 )  (Delmas and Boutron 1980 ) .  Although this f inding should be 
val id over all of Antarctica , most of the ava ilable data are from the 
eastern  par t .  

Ice Th ickness 

No clear changes in ice thickness over the last century have been 
identi f ied .  
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Figure 7 .  South Pole : smoothed accumulat ion data ver sus t tme .  ( Proa 

Jouzel et a l .  1983 J MOsley-'l'hollpaon 1980 r and Giovinetto and 

Schwe rdtfege r  1966 . )  
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Figure 8 . Dome C :  Prof i le of 804 • concentrat ions over the last 
c entury . 804 • is one of the major ions of Antarctic aerosols . No 
t rend i s  apparent , but h igh values reflect the large volcanic erupt ions 
of Krakatoa ( 1 )  and Mount Agung ( 2) .  
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CONCLUSIONS 

When dealing with potent ial �-induced changes in the environment of 
West Antarctica , it seems appropr iate to examine proxy data obtained 
from ice cores . They show that for two different time intervals dur ing 
the last 20 , 000 years the atmospher ic 002 concentration increased by 
about 30  percent r changes in the Antarctic environment wer e  very 
d ifferent in the two time intervals , as summar ized in Table 2 , which 
outl ines the apparent •co2-climate paradox . • 

The following conclus ions are drawn in regard to the apparent 
contradiction between 002 and climatic env ironmental changes observed 
in the past in Antarctica . 

• Avai lable Antarctic ice-core data do not indicate the 
existence of a trend in the environment assoc iated with the recent 
C02 increase . However , more ice-core data are needed , in particular 
for West Antarct ica , to document recent changes of � and other 
forcing factor s and climat ic parameter s  in order to get a bette r 
assessment .  

• The present absence of an observed trend could also result 
f rom var ious other causes : existence of a low s ignal-to-noise ratio in 
the records , due to a high interannual var iability r insuff ic ienc ie s  in 
the proxy data transfer funct ions , overestimation of the � impact 
( in particular , for high lat itudes )  obtained from cl imate models J and 
damping and lag effects due to the thermal response of the ocean . 

• Ice-core proxy data indicate that a C02 increase similar to 
that of the last century (about 30  percent ) happened dur ing the last 
deg lac iation . The cause of this change is not yet clear , but the long 
t ime interval involved (about 5000 years )  may be of impor tance , as the 

Table 2 . Antarct ic Ice-core Data on Past C02 and Environmental 
Changes 

Character ist ic 

Time scale , years 
C0 2 increase 
Other trace gases 
Aerosols 
Tempe rature , •c 

Ice th ickness 

LGM-Holocene 
Transition 

s , ooo 
xl . 3 
? 
x6 
+ 8-10  

Slight thicken ing 
inland r  coastal 
th inning 

Last Century 

100  
xl . 3 
? 

No systematic 
trend depicted 

No detected 
change 
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oceana (cheaiatry ,  circulation , r ise in sea level associated with the 
aelting of Northern Beaisphere ice sheets) .ay have had an effect . The 
contr ibution of 002 to the large climatic and environ.ental changes 
then observed is difficult to assess , inasauch as other forc ing factor s  
such as aerosol concentrations also show major var iations . Central 
West Antarct ica apparently remained relatively stable . A auch longer 
time aer ies , extending to the previous interglac ial (about 125 , 000 
years ago) , may provide useful information by establishing an overall 
picture of a complete climatic cycle and by documenting a per iod 
possibly analogous to future cond itions . 

• The complexity of the real climate system points out the need 
to combine both the modeling and the d iagnostic approaches for a better 
assessment of 002 impact . 

Cur rent environmental glaciolog ical data would be useful to check 
GCM output data over west Antarctica . Correct simulation of past 
c limate ( i . e . , dur ing the LGM) would prov ide a cr itical teat of the 
climate models , g iving confidence to 002-impact studies . Conver sely , 
a reasonable modeling of Antarctic parameter s  would be of great value 
to help cal ibrate the ice records , to extend the validity of 
s ingle-site stud ies , and to understand past changes that have been 
observed . 
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A'l"l'ACBMBHT 2 

VARIABILITY OF A'l'MOSPBERIC CIRCULATION AT TBB SURFACE 
OF TBB SOOTH PACIFIC OCEAN IN SUMMER 

B. van Loon 
National Center for Atmospher ic Research , 

Boulder , Colorado 

Since the opening of the Panama canal in August 1914 , few ships cross 
the Pac i f ic Ocean south of the subtropical high , and as whaling is not 
permitted in the South Pac i f ic , few observat ions are avai lable for 
synoptic and c limatolog ical stud ies . The following remarks on the 
var iability in that ocean are pr inc ipally based on the three summer s  
1955-1956 , 1956-1957 , and 1957-1958 , when whaling was permitted to 
allow a better coverage of observations for the International 
Geophys ical Year ( IGY) . OVer Antarctica proper there are , 
unfortunately , not enough stations outs ide the Antarctic Peninsula for 
a detai led study . 

The water temperature at 200 m (Figure 1 )  outlines the currents in 
the Antarct ic Ocean and has many of the character istics of the 
temperature d istr ibution in the troposphere of the southern summer . 
The different geograph ical traits of the Weddell  and Ross seas 
influence the strength and extent of the ocean cur rents in the 
sub-Antarctic . Thus cold water in the Weddell  gyre is deflected 
eastward and northeastward by the Antarctic Peninsula , creating a zone 
of weak south-north temperature contrast in the Atlantic and Indian 
oceans between 50°S and Antarctica . The tongue of cold water northeast 
of the Ross Sea is considerably smaller and somewhat warmer , and the 
zone of weak grad ient is of modest size and much farther south . The 
grad ient in the westerlies is cor respondingly weaker in the Pac ific 
than in the two other oceans , and its maximum is  c loser to the 
continent . 

This zonal asymmetry is  reflected in the mean-pressure map (Figure 
2) ,  where the trough of low pressur e l ies about 5°  latitude nearer the 
pole in the Pac i f ic than in the Atlantic and Indian oceans and where 
the mer id ional grad ient of pressure is  weakest in the Pac i f ic .  It 
should be noted that the point of lowest pressure (central low) in the 
trough var ies from one summer  month to another and from one summer to 
another , as ind icated by the solid c ircles in  Figure 2 .  A central low 
on a long-term mean-pressure map is  str ictly a product of averag ing and 
not a f ixed feature . The same may be sa id of the strong wester lies 
found on all mean-pressure maps of the Southern Hemisphere ,  in the 
sense that daily maps (Figure 3 ) conta in many s ingle vor t ices in 
addit ion to troughs reaching into the subtropics and r idges extending 
to the Antarct ic . 
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Figur e 1 . Water temperature at a depth of 200 m.  (Adapted from Gordon 
and Goldberg 1970 . )  

Cyclones dominate in h igh latitudes � they or ig inate in middle 
latitudes (Figure 4 ) , some even far ther nor th , and travel ma inly toward 
the east and southeast . Most of those that are impor tant to the 
weather over West Antarctica in summer ar e born in the western Pacific  
and south and southwest of Australia , whereas those that move through 
the Drake Passage or cross the Peninsula come from the central and 
eastern Pac i f ic . Anticyclones are comparatively r are at h igher 
latitudes . 

The strength of zonal c irculation changes frequently . The changes 
can be descr ibed by the zonal Wester ly Index , wh ich is the zonal 
geostroph ic wind between 3 5° S  and 5 5 °S (Figure 5 ) . The index ranges 
between 1 and 12 m s- 1  in the South Pac i f ic Ocean dur ing the two 
summer s shown in the illustr ation , and the changes ar e often quite 
sudden and large . The aver age is h igh , however , and was consider ably 
h igher in the summer of 1955- 1956 than in 1956-1957 . 

I n  addition to ir regular changes from month to month in middle and 
h igh latitudes , ther e  is a seasonal cycle in the sea-level pressur e 
that is dominated by the half-year ly wave . In  middle latitudes (Figure 
6 ) the wave has its maxima in the trans it ional seasons , and in the 
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Figure 2 .  Sea-level mean pressure of the months January , February , and 
December 1956 and January and February 1957 . The solid c ircles are the 
positions of  the monthly mean pressure minima . in the f ive s ingle 
months . (See van Loon 1962 . )  

polar regions the maxima are in the extreme seasons . Consequently , the 
zonal geostrophic wind between the two zones var ies with an apprec iable 
half-year ly cycle dur ing wh ich it is strongest in March/September and 
weakest in June/December . The half-yearly wave is associated with 
changes in the pos ition of the Antarctic trough , which br ings it north 
in June and December and south to the Antarctic coast in March and 
September (Figure 7 ) .  While it is  far thest north it  is also weakest , 
whereas it  is deepest when it  is near Antarctica (van Loon 1972 ) . 
Therefore ,  on the average , one must consider a deepening and movement 
to the south of the trough through the southern summer , from December 
to March . 

The most common pattern (e igenvector one) of interannual var iation 
of sea-level pressure in middle and h igh southern latitudes is one 
where the pressure anomal ies are of opposite s ign in middle and h igh 
latitudes (Figures 8 and 9 ) .  Th is pattern is , in turn , reflected in 
large interannual var iations in the wester l ies and in the polar 
easter l ies . 

The Southern Oscillation , which var ies on a scale of several years ,  
affects Australasia and the South Pacific Ocean more than any other 
place on the Southern Hemisphere (Figure 10 ) . Th is is one of the 
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F igure 3 . Synoptic map of  3 Febr uary 1958 , 1200 GMT. Land and island 
stations are shown as dots , ships as circles . 

r easons why the interannual var iabil ity of monthly sea-level pressure 
is  h igher in these two reg ions than elsewhere  (Figure 11) . 

F inally , one should consider trends on a longer t ime scale . Figure 
12 shows the l inear trend of sur face air temperature for an arbitrary 
18-year per iod . Note that the trends occur on a large spatial scale , 
which suggests that they ar e  assoc iated with (not necessar ily large } 
changes in the quas i- stationary waves . 

The middle and h igh latitudes in the SOuth Pacific Ocean ar e 
p robably the reg ions where least is known about the c irculation of the 
atmosphere . Ther e are no long ser ies of observations that will allow 
us  to assess the natural var iabi l ity of the climate there and , thus , to 
separate a climate-change s ignal from the interannual no ise . 
Therefore , it  is also imposs ible to judge whether the model 
simulations , wh ich have little in common with the fairly 
well-established mean features , might be with in the poss ible range of 
mean states of the circulation . 
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Figure 4 .  Cyclone tracks with 24-hour positions for January 195� . 
( See Talj aard and van Loon 1963 . } 
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Figure S .  Daily Zonal Wester ly Index (m s�1} between 35°S and 55°S  
in  the Pacific Ocean for the summers  of 1955/1956 and 1956/1957 (From 
van loon 1960 . }  
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Figure 6 .  Mean annual curves  of zonally averaged sea-leve l pressure a t 
50°S  and 65°S .  

Figure 7 .  Mean sea-level pressure in March , June , september , and 
December of 1957 . (From van Loon 1967 . ) 
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Figure 8 . Deviat ion from the mean of the sea-leve l pressure in 
December ,  January , and February of 1976-1977 . ( Prom van Loon and 
Roge r s  1981 . ) 

F igure 9 . Deviation from the mean of the sea-level pressure in 
December , January , and February of 1973-1974 . (Prom van Loon and 
Rogers  1981 . )  
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Figure 1 0 .  Th e  d i fference i n  sea-leve l pressure in summe r  between the 
extremes of the southern Osc illation . ( From van Loon and Madden 1981 . )  

Figure 11 . The standard deviation of monthly mean sea-level pressure 
in January , based on da i ly synopt ic maps for 1 2  year s .  
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Pigure 12 . Linear trend of sur face air teaperatur e in su.mer �tween 
1956 and 1973 . Baaed on all island and continental stations south of 
40 ° 8 .  (Pro• van LoOn and Wi1l iaaa 1977 . ) 
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IN'l'BODUCTION 

A'l'TACIIIBRT 3 

THE A'l'MOSPBBRIC CIRCULATION Al'I'BCTING 

TBB WEST AH'l'ARCTIC REGION IN StMIBR 

K .  B .  Trenberth 
University of Illinois , Urbana 

These remarks focus on what is known and what needs to be determined 
about the c irculation in the free atmosphere of the southern Hemisphere 
in summer as it  affects the west Antarctic Ice Sheet . It is c lear that 
West Antarctica cannot and should not be treated in isolation .  Changes 
in the mean flow over the SOuthern Hemisphere are accompanied by 
changes in storm tracks , weather reg iaes , the inc idence of blocking 
anticyc lones , and other synoptic features , all of which have an iapact 
on the heat fluxes and precipitation in the reg ion of interest . 
Therefore , a br ief summary is  provided of the mean flow and the 
character istics of the stationary and transient eddies that are related 
to such things as storm tracks and blocking . The k inds of contrasting 
flow regimes that can occur are exaained by look ing at interannual 
var iability ,  and evidence for trends in the c irculation is considered . 

MBAR FLOW 

A mer idional cross section of the zonal mean wind in January is shown 
in Pigure  1 .  The general features of the relatively strong (>30 m 
s-1) winds at 200 mb should be noted ( in contrast to c lt.atolog ies 
based solely on station data) . The mean geopotential height f ield and 
i ts zonally asymmetr ic component at 500 mb, g iven in Figures 2a and 2b 
for January , show , in spite of the dominance of the zonally symmetr ic 
component of the f low,  that there are s ignif icant stationary waves . 
However , the latter have an equivalent barotropic structure and do not 
contr ibute s ignif icantly to poleward beat fluxes . The mean 1 , 000- to 
500-ab thickness f ield ( Pigure 3 )  reveals a very broad me r idional 
temperature grad ient south of 30°S .  

The reg ional aspects o f  Figure 1 are brought out i n  the mean 
westerly wind component at 500 mb for the entire summer season in 
Pigure 4 .  Strongest winds occur ove r the Indian Ocean , and mean flow 
over Antarctica is generally quite weak . 
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JANUARY 

F igure 1 .  Mer id ional c ross sect ion of the 6-year mean zonally averaged 
geostrophic w ind (m s-1 ) for January 1973-1978 (From Trenberth in 
press ) . 

EDDY STATISTICS , S'l'O:AM TRACKS , AND BIOCK ING 

The c irculation in the Southern Hemisphere  as a strong zonal mean 
component , and transient eddies play a much larger role than in the 
Nor thern  Hemisphere . This role is  most read i ly examined by consider ing 
var iance and covar iance eddy statistics . The high-frequency (per iods 
less than about a week)  eddies are transient barocl inic disturbances 
that tend to be organized into storm tracks and are c lear ly revealed by 
the eddy statistics . 

Figure 5 shows the standard deviation of the geopotent ial he ight at 
500 mb ,  and Figure 6 shows the var iance of the north-south component of 
the w ind .  Both reveal maxima along about 50°S  a t  all  long itudes ,  which 
delineates the main storm track  in summer . It occurs 5 °-10°  south of 
the strongest winds (Figure 4 ) . Circulation statistics for a single 
summer (1980-1981 ) der ived from analyses made by the European Centre 
for Medium Range weather fOrecasts provided further evidence for this 
f inding ( Figure 7) . Again , the storm track  l ies along about 50°S , as 
ident if ied by the max ima in v • 2 (Figure 7e ) , about 5°  south of the 
250-mb jet  ( Figure 7a) . It coinc ides with max�um ver t ical (� ' T ' ) 
and hor izontal (v ' T ' )  fluxes of heat (Figures 7b , 7c , and 7d) that are 
assoc iated with barocl inic disturbances .  

Although both cyclonic and anticyclonic d isturbances are included 
in the storm tracks defined by eddy stat istics , synoptic evidence 
( Figure 8 )  also supports that interpretat ion . The eddy statistics have 
the advantage that they measure both the frequency and intens ity of 
d isturbances ,  unl ike most conventional synoptic indices . 

A spectral breakdown of the var iance and covar iance f ields reveals 
that not only are the transient h igh-frequency baroclinic eddies 
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Figure 2a . Mean geopotential he ight f ields at 50 0 mb (dam) for 
January . (From Trenber th 197 9 . )  

Figur e 2b . Mean zonally asymmetr ic component o f  the 500-mb 
geopotential he ight z* {gpm) for January .  (From Trenberth 1980 . )  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

E n v i r o n m e n t  o f  W e s t  A n t a r c t i c a ,  P o t e n t i a l  C O 2 - I n d u c e d  C h a n g e s :   R e p o r t  o f  a  W o r k s h o p  H e l d  i n  M a d i s o n ,  W i s c o n s i n ,  5 - 7  J u l y  1 9 8 3
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 1 9

http://www.nap.edu/catalog.php?record_id=19419


. .  
: 

. 
: · .. 

76  

' 
. 

' 
: 

..... ,.· '1 " • I 
·. 

· .  
. ·  

' '"I t'; .. . . . . ' to:·· ,,. -• , • 

. .. . .  '--.'\. ' ,

' 
.. , -i �S76 • .. .,  .. 

IOIII)..SCj,· ' • • • \ . ..... ·JAN 
· · .� . . ( H • ..- · •  

. .. . . . . . . . · - -
_ ... ... ... 

F igure 3 . 1 , 000- to 500-mb th ickness f ield for January . 
and Trenber th 198 1 . ) 

... . .. ... - - - - � - - - - ... .. 

(From Swanson 

F igure 4 . Mean geostroph ic wester ly w ind component u at 500 me for the 
128-day summer season (m s- 1 ) .  Values gr eater than 20 m  s-1 are 
shaded . (From Trenber th 1982 . )  
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Figure s .  Standard deviat ions of the depar tures from the long-term 
mean of the geopotential he ight ( i ' 2) 1/2 for summer (gpdam) . 
Values greater than 14  gpdam are shaded . (From Trenberth 1982 . )  

F�gu�� 6 .  Var iance of  the nor thward componen� of veloc ity v • 2 in  
m s for summer . Values greater than 1 20 m s-2 are shaded . 
( From Trenberth 1982 . )  
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1982 . ) 
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DECEMBER 1980 - FEBRUAP.Y 1981 

Summer 1980-19 8 1  c irculation s tatistics (adapted from Wh ite 
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Figure 8 .  The locat ion of maximum occurrences of var ious phenomena 
re lated to the frequency of storms in the SOUthern Hemisphere . (a) The 
frontal frequency maxima (PFM) for winter (sol id c ircles)  and summer 
(open c ircles) , and the maximum frequency of low centers  for winter 
( solid line ) and summe r  (open l ine ) . 
( b) The semipermanent cloud bands in the southern Hemisphere are shown 
by the shaded area , and the scalloped outline depicts the annual mean 
values with a > 30 percent frequency of 5-day average mosaics  having 
axes of  major c loud bands within a 5°  latitude x 10°  long itude square . 
Also shown are the axes of the maximum occurrence of the •ear ly 
development (W. A. B . ) type • vor t ices for summer (open c i rcles)  and 
winter (solid c i rc les)  and the axis of the • frontless cutof f F/G type • 
vort ices in winter (open diamonds) . ( From Trenberth 198la , b . ) 

important but that lower -frequency fluctuations are also contr ibuting 
to these patterns . Figure 9 d ivides the geopotential var iance into 
contr ibutions from the 2- to 8-day per iod high-frequency baroclinic 
edd ies and the lower -frequency 8- to 64-day per iod fluctuations . The 
latter are of comparable impor tance but tend to be concentrated more 
into the reg ions south of New Zealand , southeast of south Amer ica , and 
with a residual in the Indian Ocean . The former two reg ions are 
preferred areas in the southern Hemisphere for blocking anticyclones to 
form and persist . 

Fur ther evidence for the inc idence of blocking-type phenomena in 
summe r is  shown in Figures lOa and l Ob ,  which g ive the number s  of 
d isturbances at each point exceeding a certain threshold for a g iven 
number of days . The disturbance is  def ined as the departure from the 
mean annual cycle ,  and consequently , posi tive and negative departures 
balance overall . However ,  anticyc lonic anomalies tend to last slightly 
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Figur� 9 . The spectr al bands of geopotential he ight var iance in  
gpdam • (a) Two- to e ight-day band in  summer , ( b )  8- to 64-day band 
in summer . Values greater than 80 gpdam2 ar e shaded . (Prom 
Trenber th 1982 . )  

longer than the cyclonic anomalies , for the latter are more l ikely to 
be inter rupted by small-scale trans ient d isturbances . At 1 , 000 mb 
( F igure lOa) , the count of disturbances exceeding ±50 gpm for 5 days or 

more is shown . At 500 mb (Figure lOb) , the threshold has been 
incr eased to +100 gpm . Of special note for West Antarctica would be 
any change in

-
the incidence of the block ing southeast of South Amer ica . 

INTERANNUAL VARIABILITY 

Sever al studies have now shown that interannual var iab ility of the 
c irculation in the Southern  Hemisphere is large , apparently larger than 
in the Northern  Hemisphere . For example , the c irculation throughout 
the First GARP Global Exper iment (PGGE) year was qu ite anomalous . The 
mean mer idional cross section of the wind for January 1979 is shown in 
Figur e 11 , together with the depar ture from the long-term mean of 
Figure 1 .  The anomalies , in excess of +5 m s-1, cor r espond to a 
poleward sh ift of the jet by about 3 °  latitude . 

The two summer s over the past decade that appear to differ moat ar e 
1976-1977 and 1978-1979 , the PGGB summer . The depar tures of u at 500 
mb from the mean f ield of Figure 4 are g iven in Figure 12 . we note the 
roughly opposite char acter of  the anomalies of order 2-4 m s-1 • We 
further note the predominantly zonal char acter of anomal ies , so that 
most of the contrast in c irculation is revealed by the zonal means . 
Other studies have shown large interannual var iability in the zonal 
mean winds year round , with a tendency for opposite f luctuations to 
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a b 

Figure 10 . Count of  the number of cases  per decade per s isting for 5 
days or more exceeding the thresholds (a )  +50 gpm in summer at 1 , 000 mb 
and (b)  +100 gpm in summer at 500 mb . (From Trenber th and swanson 
1983 . ) 

occur about 1 2° further north or south . For example , Figure 1 3  shows a 
negative cor relation between u at different lat itudes over the Pac i f ic 
sector of the hemisphere . 

An examinat ion of  the eddy statistics  for the two oppos ite summer  
c irculat ion reg imes reveals a cor responding shift in the storm tracks . 
Figure 1 4  shows the differences at 500 mb in (O J , the high-frequency 
par t of ( ! ' 2 ) ,  [v • 2 J (both measures of the storm track act ivity) , 
and the tendency of the zonal mean wind due to convergence of momentum 
by the trans ient edd ies ( related to u ' v ' )  into the storm tracks . The 
patter n  is  systematic and internally consistent and corresponds to a 
poleward shift in the j et and storm tracks of � 6°  latitude in going 
from 1976-1977 to 1978-1979 . 

It  would be most useful to know just what changes were encountered 
over Antarct ica corresponding to these contrasting summers . At Halley 
Bay ( the only station •near • West Antarct ica for which observat ions 
wer e  publ ished in Monthly Cl imat ic Data for the Wor ld) , the main 
contrast occur red between the Decembers , where December 1976 had 
heights h igher than December 1978  by 131 gpm at 850 mb and 180 gpm a t  
5 0 0  mb . The reg ional eddy stat istics show a much h igher level of 
act ivity in the 1978-1979  summe r  through the Drake Passage and ove r the 
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F�1ure 11 . Mer idional cross section of the zonally averaged w ind (m  
s ) in 19 7 9  for January . Also shown as  dashed contour s  are  the 
differences from Figure 1 . (From Trenber th in press . ) 

• 

F igure 12 . Depar tures from the mean f ield of Figure 4 of the u f ield 
for the summer of (a ) 197 6- 1977 and (b) 197 8- 197 9  (m  s- 1) .  Negat ive 
departures are shaded . (From Trenber th in press . )  
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r l  U , U  I 
1§0-W • 69'W 

Figure 1 3 .  Cor relations between the 90°  sector zonal mean u fields at 
d ifferent latitudes for the Pac ific Ocean . ( Prom Trenberth 198lb . ) 

Figure 14 . Differences between zonal mean quantities for the summer s 
o f  1978-1979 minus 1976-1977 . Shown 5rom top t� bottom are (u ] , m 
s-1 , [Y • 2 ] in the 2- to 8-day band , m s-2 , [ i 1 ] in the 2-
to a-day band gpdam2 J and the eddy convergence of momentum 
contr ibution to a [u ] /a t ,  m s-1/day . ( Prom Trenberth in press . )  
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Antarctic Pen insula . In fact , dur ing late December 1978 record-high 
sur face temperatures were exper ienced over much of Antarctica 
assoc iated with two warm air  intrusions . These produced teaperature s 
above o •c at Halley Bay ( +2 . 5°C on 28 Deceabe r )  and up to +9 . 6°C at 
McMurdo Sound , and at the South Pole , temperatures reached a record 
h igh of -l3 . 6°C on 26 Deceaber .  The detailed synopt ic descr iption of 
this  per iod is g iven by Sincla i r  ( 1981) . 

TRENDS 

OWing to the rather short record , it is  d i f f icult to determine 
def initive trends over Antarctica . However ,  it  seems clear from the 
available record that large-amplitude , long-per iod fluctuations have 
been occurr ing .  Pigure 1 5  shows the individual January mean sur face 
pressures at the South Pole and geopotential he ights at 500 mb at the 
South Pole and McMurdo Sound . The l inear  trend of +3 . 7 gpm/year at the 
South Pole is  also shown . This f igure is  mod if ied from the one g iven 
by Trenberth (1979)  by inc lud ing values at the Pole revised as 
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Pigure 1 5 .  Ser ies of month mean values for January at the South Pole 
(solid curves) , sur face pressure top (scale at left)  and 500-mb he ight 
( scale at r ight ) , and at McMurdo Sound ( 78°S ,  60°E) 500-mb height 
(dashed curve , scale at left) . A l inear trend line is  also f itted to 
the Pole 500-mb height ser ies . 
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suggested by Schwerdtfeger ( 1981) . Data have been obtained from 
several sources , and it  is  disconcerting to f ind unexplained 
discrepanc ies between some values .  However , the upward trend is also 
c lear ly evident at McMurdo Sound . It is less apparent in the station 
pressur e at the Pole . Of special note in this figure is the range of 
2 24 gpm in the January mean 500 mb height at the Pole . Since the 
cor responding range in sur face pressures is 14 mb (about 14 7 gpmJ 1 mb 
- 10 . 5 mb in January at the Pole) , the low-level th ickness between 
the sur face and 500 mb has ev idently also contr ibuted s ignificantly to 
the fluctuations . With such large natural var iab ility , stat istics over 
a l �ited per iod cannot be considered h ighly stable . 

A fur ther idea of the trends in the upper atmosphere can be 
obta ined by contrasting sets of means over two different per iods . 
Thus , we have contrasted the May 1972 to January 1978  per iod with the 
atlas means of Taljaard et al . ( 1969t , wh ich effectively cover the 
per iod 1957-1966 . Some of the apparent trends that emerge are spur ious 
and ar ise from different techniques of analys is and the l ike , but over 
Antarctica , as shown in Figure 15 , the trends are mostly real for th i s  
per iod . The trends a t  8 5 0  mb ,  5 0 0  mb , and for the th ickness layer are 
g iven in Figures 16a-l6c . Almost cer ta inly , these changes are not due 
to any changes in C� J therefore ,  they compound the difficulty of 
detect ing any long-term s ignificant trends assoc iated w ith co2 • 

CONCLUSIONS 

This br ief r eview focused on the general c irculation of the Southern 
Hemisphere in middle and h igh latitudes in summer because of a strong 
conv iction that any changes in climate induced by increases in C02 
cannot be tr eated in a local fr amework . However , there is a dear th of 
deta i led knowledge of the local c irculation in the immediate v icinity 
of West Antarctica . Rawinsonde stations no longer exist in that area . 
Even the nearby stations l ike Amundsen-Scott at the South Pole and 
McMurdo are generally miss ing from Monthly Climatic Data for the 
Wor ld .  At Halley Bay , wh ich has repor ted more regular ly over the past 
few years , many days are miss ing ( in each of the months from March to 
July 1982 there were from 15 to 18 days miss ing in each repor ted 
monthly •mean• value) .  The status of the obervations in th is reg ion of 
the wor ld appears to be deplorable . 

A good set of observations is needed to val idate models of the 
Southern  Hemisphere c irculation , and unfor tunately , the model 
s imulations to date are  not good . It  seems , in par ticular , that the 
effects of the cold , h igh , and h ighly r eflective Antarctic continent 
appear to be poor ly understood and not extens ively explored . 

I n  spite of the overall zonal symmetry of the c irculation , 
especially in summer , there are planetary waves in the Southern 
Hemisphere that have an impact on the preferred regions of block ing and 
the d istr ibution of storm tracks . The latter are also closely tied to 
the location of the mean jet stream. They all seem to be l inked to the 
distr ibution of the Antarctic cont inental mass itsel f and to the 
a ssoc iated surrounding sea ice and distr ibution of sea sur face 
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(a) (b) 

(c) 
Figure  1 6 .  Differences from the atlas (Talj aard et al . 1969)  o f  the 
Australian mean annual f ields . Negative values have been shaded . (a )  
850 mb , (b) 500 mb , (c ) 850- to 500-mb thickness (dam) . ( From Swanson 
and Trenberth 1981 . ) 
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temperatures . It is clear that major changes in the jet stream and 
major storm tracks do occur from year to year , apparently with 
substantial consequences for outbreaks of warm a ir advection well  into 
the Antarctic continent . The impact on the local heat budget of any 
increase in such events could be profound . Only with increased 
understanding of the way that the ent ire c irculation , including the 
mean flow , transient barocl inic storms , and blocking anticyclones ,  
var ies with increasing C02 in the atmosphere , can we adequately 
address the fundamental questions . 
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INTRODUCTION 

ATTACHMENT 4 

WEST ANTARCTIC SEA ICE 

s .  F. Ackley 
u. s .  Army Cold Reg ions Research and 

Eng ineer ing Laboratory , Hanover , New Hampshire 

As with the other snow and ice forms , Antarctic sea ice possibly has a 
nonlinear or feedback effect on climate . In addition to the well-known 
a lbedo-radiation feedback attr ibuted to snow cover , the large ice 
sheets , and sea ice , several other mechanisms have been postulated . 
These include a number of pycnocl ine stability effects ( Kellogg 1 97 5 J 

Gordon 1981)  that can produce c l imatic feedbacks  of e ither sign . POr 
example , sea-ice formation can be self-limiting (a  negat ive feedback ) , 
because the freez ing of the ice induces an overturning in the water 
column by thermohaline rejection , br ing ing up ocean heat from 
intermed iate-depth waters  and either preventing more ice from forming 
or melt ing the existing ice . Format ion of sea ice can also reduce 
ver t ical mixing (pos itive feedback) , for ice growth rates slow as the 
ice thickens , lead ing to higher stability in the upper layers ,  a 
reduct ion in upwelled heat , and a potential increase in rate s of ice 
g rowth . Another mechanism is hypothesized in the deep�cean­
temperature/sea-ice-extent osc i llator model of Saltzman (1978 )  and 
Saltzman and Mor itz ( 198 0 ) . Here , a coupled response of the ice extent 
and ocean temperature is suggested , leading to osc i llat ions of the two 
parameter s ,  with character istic per iods of from hundreds to thousands 
of year s .  

Although these mechanisms have been suggested and many others  can 
be postulated , a consideration of the present format ion and decay of 
Antarct ic sea ice may help us determine (a )  i f  sea ice will respond to 
a co2-induced climatic warming , and (b)  how this sea-ice change will  
a ffect the west Antarctic environment . Some un ique aspects of 
Antarctic sea ice are read i ly apparent in its interaction with climatic 
c hange . POr example : 

1 .  The location of the ice is  on the southern boundary of the 
weste r ly wind system of the Southern Hemisphere , which in midlat itudes 
i s  a major repository of k inet ic energy o f  the general c irculation of 
the atmosphere . Schwerdtfeger (1979 ) ,  for example , has shown how ice 
t ranspor t from the Weddell Sea strong ly affects midlat itude temperature 
and pr esumably c irculat ion in the South Atlantic reg ion at the present 
t ime . 

8 8  
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2 . The free boundary of the southern sea ice with the wor ld ocean , 
as opposed to the Mediterranean nature of the Arctic Ocean , suggests , 
qualitatively at least , a more interactive role than that of the Arctic 
with global-scale processes . 

3 .  The reg ion south of the Polar Front ,  at least half involving 
the sea-ice cover , is  a •heat exchanger , • where heat taken up by the 
ocean e lsewhere is diss ipated , thus affecting the total heat transport 
by the oceans and the ocean-atmosphere interaction in polar reg ions 
( Gordon 1 979 , 1981) . 

4 . As part of the heat-exchange process , the formation of 
Antarct ic sea ice leads to thermohaline processes producing Antarctic 
bottom water (POster and carmack 1976) and thereby affects the 
mer id ional heat and salt transpor t by oceanic waters ,  as well  as the 
g lobal cycling of sea waters  for nutr ient and gas exchange . 

CHARACTERISTICS OF WEST ANTARCTIC SEA ICE 

West Antarc tic sea ice consists of the ice covers  in the Weddell Sea 
(extending past the Greenwich Mer idian) , in the Amundsen-Bellingshausen 
Seas , and in the Ross Sea . These three units have some distinctive 
characteristics in the i r  sea-ice covers , basically in the seasonal 
cycle , which we review here . The premise is that some understand ing of 
the processes involved will improve projections of the effects of C02 
warming . Figure 1 shows the advance-retreat character istics for the 
total area around Antarctica and for the individual sectors , including 
the three mentioned . These are for the three years 1973-1975 , as 
obtained from satellite imagery ( Zwally et a l .  1 979) . As indicated 
here , the Amundsen-Bellingshausen sector shows the least seasonal swing 
of the reg ions and only accounts for about 20 percent of the total west 
Antarctic pack , compared with over half for the Weddell  pack and about 
3 0  percent for the Ross Sea pack ice at maximum extent . The Ross and 
Weddell  seas are similar in that they both show sharp increases in ice 
area dur ing the ear ly season , bu ilding to a maximum in June , followed 
by a relatively constant ice-covered area dur ing the height of the 
winter season (July-September ) . The decay ohase is character ized by a 
relatively prec ipitous decl ine in ice-covered area dur ing the 
November -January per iod . 

This decay behavior , or •seasonality •  has been modeled for the 
Weddell  reg ion (Hibler and Ackley 1983)  as a phenomenon assoc iated with 
ice transport and dynamics . In the ear ly season , the onset of cold 
cond it ions in the high-latitude embayment& of the Weddell  and Ross seas 
leads to high product ion of ice . The ice and accompanying cold air  are 
rapidly advected , lead ing to freeze-over in the embayment& unti l  warm 
oceanic conditions are encountered at the southern edge of the Polar 
Front . The ice cover then stops advanc ing througn a balance between 
ice transpor t to the edge and ice melt ing occurr ing there . Figure 2 
shows data-buoy dr i ft tracks from 2 years  in the Weddell Sea , 
i llustrating the broad and relatively constant flow of ice to the ice 
edge throughout the year . This  •conveyor -belt transport • accounts for 
cont inuation of the maximum extents unti l  we ll past the t ime of retreat 
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Figure 1 .  TOtal ice and ice area by sector s around Antarctica ( 1972 , 
1974 , 1975) .  The areas of more than 15  percent ice concentration and 
more than 85 percent ice concentrat ion are indicated . (After  zwally et 
a l .  1979 . ) 
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in other ,  more thermodynamically controlled reg ions , such as East 
Antarctica and the Amundsen-Bell ingshausen Seas . As Bibler and Ackley 
( 1983)  have shown , feedback between the presence of ice and air  
temperature  prevents ice retreat until  summe r  insolation e ffects ar e 
h igh . Intense heating in open water created by ice dynamics ,  together 
with continuous transpor t of ice to the outer reg ions of the pack , 
eventually leads to the rapid late -season dec line in ice extent 
character ist ic of the Weddell Sea . Figure 3 shows the effect of 
includ ing the f ir st-order air  temperature feedback , extending the 
season of the maximum extent of the pack and creating a major sink for 
ice melt ing in the outer reg ions of the pack ice . Figure 4 indicates 
the mass-balance character ist ics modeled for the Weddell  reg ion , 
showing the h igh ice production in the south . This ice i s  advected and 
decays in a relatively narrow reg ion in the north and east parts of the 
Weddell Sea . The major features of  the ice modeling have been ver ified 
by buoy-dr ift  compar isons (Figure 2) ,  by measurements of field-ice 
thickness , and by satellite estimates of ice extents and var iations in 
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Figur e 3 . Contour s ( in meters ) of the net annual ice growth over an 
annual cycle for the fully coupled dynamic-thermodynamic model . The 
contour s  were  compiled from the th ird year of  the feedback s imulation . 

ice concentration (Ackley 1979 J  Gow et a l .  1982 J Clar ke and Ackley 
1982 ) . 

I nformation on the Ross Sea pack is considerably more l imited . 
However ,  as mentioned before , it has several features in common with 
the Weddell Sea pack . A s ingle dr ift track of the sh ip Aurora in 
19 15- 19 16 shows s imilar velocities to present buoy dr ifts in the 
Weddell Sea (� s km/day) and a generally nor thern track out of  the 
Ross Sea , paralleling the movement of ice in the Weddell  Sea from the 
southern low-temperature embayment out into the warmer ocean reg ions . 
I t  appear s that the Ross Sea reaches an equ il ibr ium maximum sooner in 
the winter season (May-June ) and fur ther south than does the Weddell . 
Th is feature perhaps r eflects the enhanced ocean heat f lux in the 
v ic inity of  the Polar Frontal Zone , wh ich is at a mor e souther n 
location in the Pac i f ic than in the Atlantic . Prel tminary analys is of 
ice r idg ing on data obta ined from airborne laser prof ilometry over the 
Ross Sea (Govoni et al . in press) indicates less r idg ing in the Ross 
than in the Weddel l  Sea (Ack ley 1979 ) .  Therefore , ice-deformation 
contr ibutions to the mass balance in the Ross Sea may be somewhat 
reduced compared with the Weddell Sea pack ice , as indicated in Figur e 
4 . 

Knowledge of the ice character istics in the Amundsen-Bellingshausen 
seas is similar ly l imited.  The only dr ift  track , that of the Belgica 
in 1897-1899 , does indicate cons iderably less ice motion (�1  
km/day) than in either the Ross or Weddell seas . The motion is also 
west to east rather than south to north . The annual cycle , as shown in 
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Pigure 4 . Ttme ser ies of total area covered by ice with in the 
s imulation reg ion for dynamic-thermodynamic s imulation . 
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Pigure  1 ,  is also of considerably less amplitude and grad ient than in 
these other two seas . The relative slugg ishness of the pack and its 
stabil ity over the annual cycle suggest more thermodynamic than dynamic 
controls on the pack ice of this section than on that of e ither the 
Ross or Weddell seas . 

CONCLUSIONS 

To develop a full understanding of cl imatic influences on the behavior 
of the major ity of the pack ice influenc ing the West Antarctic 
env ironment , it  is necessary to deal w ith the dynamic influences 
affecting the major ity of the ice cover ma inly concentrated in the Ross 
and Weddell seas . Major questions also r emain about the influences of 
the oceanic heat flux , espec ially in controll ing the pos ition of the 
maximum extent of the pack ice . Model ing results for the Weddell Sea 
pack ice have shown that major effects in the seasonal cycle can be 
accounted for by assuming a thermodynamic control on the maximum ice 
extent and basically dynamic controls on the ice retreat to its 
minimum. The pack ice in these h ighly dynamic areas appear s  to prolong 
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its maximum extent by local feedback effects between the ice presence 
and sur face a ir temperatures . This behav ior g ives a delayed r esponse 
to the bu ildup of summer insolation until ice dynamics cr eates 
suff ic ient open water to absorb r adiation and , at that point , leads to 
the decay of the pack ice . Wind-forc ing effects , there for e , have a 
s trong influence on the advance-decay character istics of the pack ice . 
S impl if ied C02 scenar ios that predict temperatur e r ises may be 
d if f icult to relate to sea-ice changes ,  s ince w ind-field changes 
associated with the C02 temperature increases are not known at 
present . Hibler ( 1984 ) has shown , for example ,  that r ais ing the 
temperature by 4 K in a full dynamic-thermodynamic s imulation of the 
Weddell pack ice has a relatively modest e ffect on the extent of the 
pack ice . The wind behav ior may be difficult to predict , as it 
probably interacts with the pack ice as well as the temper ature f ield . 
The pack ice is responding in a highly coupled manner to both 
temperature and w ind f ields . Given the • robustness• of the ice 
dynamics in these locations , it is suggested that co2- induced 
temperature r ises would be severely modulated by the ice dynamics in  
these reg ions . We know ,  for example ,  that the presence of  pack ice 
restrains temperatur e r ises to no more than the fr eez ing point , a t  
least until  all the ice has d isappeared at that location . An •across 
the board •  temperature r ise in all polar locations , as modeler s 
suggest ,  may not , therefore , be phys ically real istic in ice-covered 
areas . Predicted co2- induced changes in the env ironment of West 
Antarctica may have to be treated in a complex manner because of the 
cons iderable interaction with atmospher ic c irculation , with ice 
f reez ing and melting ,  with ice transpor t ,  and with other indirect but 
strong influences on the ice pack such as the ocean heat flux . Our 
exper ience in the Weddell Sea indicates that an integrated model ing and 
f ield-measurement program offer s the best potent ial for complete 
understanding of the var ious influences on pack- ice behav ior . 
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ATTACHMENT 5 

ASSOCIATED CHARGES IN WEST ANTARCTIC CYCLONIC ACTIVITY 
AND SEA ICE 

Andrew M .  car leton 
Ar izona State University ,  Tempe 

Growth and decay of sea ice in the west Antarct ic d isplay high seasonal 
var iability in the embayments , notably in the Ross , Bell ingshausen , and 
Weddell Seas ( Figure 1 ) . About one half  of the interannual var iabi lity 
i s  centered on the Weddel l  sector (Figures 2 and 3 ) . Ant iphase 
relationships are often observed between the embayment& in terms of ice 
extent . These var iations are most pronounced in midsummer and 
m idwinter , but in terms of possible C02-induced warming effects on 
the ice extent , summer var iat ions would probably be the more noticeable 
in that even less ice might be expected to survive the melt per iod . 
The substantial seasonal change in extent of the Antarct ic sea ice is 
mani fest in a var iety of meteorolog ical e lements , such as temperature , 
pressure , and wind speed . 

Attempts to f ind d irect relat ionships between the extent of 
Antarct ic sea ice and cyclonic activity over the southern oceans ar e 
f rustrated by the strongly reg ional character of ice-atmosphere 
interactions . Although it has been shown that zonally averaged 
var iations in cyc lone frequency between autumn and spr ing are 
appar ently related to the seasonal increase in ice extent , thi s  
relationship is not the case dur ing the winter when the c ircumpolar 
trough migr ates poleward dur ing the per iod of ice advance , a 
man ifestat ion of the semiannual pressure osc illation . However , in 
te rms of cyc logenesis alone , the lat itude of  peak frequency moves 
generally in phase with the seasonal extent of sea ice and temperature 
changes at the sea sur face (Figure 4 ) . This f inding re inforces the 
idea that although only a general relationship can be demonstrated 
between cyclone tracks , most of wh ich or ig inate at lower latitudes , and 
the sea-ice marg in , the patterns of cyc logenesis indicate some 
•control • by the ice edge in certain reg ions , as shown in Figure 5 , on 
a seasonally averaged basis , and in Figure 6 ,  for individual year s .  

The presence o f  a high-latitude cyclogenetic zone i n  the South 
Pac ific ( Figure 5 ) , as detected using satell ite imagery , ver ifies 
Talj aard ' s  tentative location for a winter Antarctic front lying j ust  
equatorward of the mean winter ice-edge location and near the oceanic 
Polar Front (Figure 7 ) . This strongly def ined feature is absent in the 
summer , partly as the result of fewer polar low (comma cloud ) 
developments.  Most summer cyclogenesis  is  middle latitude ( frontal 
wave ) in or ig in and assoc iated with the dominant hemispher ic three-wave 
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Pigur e  1 . Annual cycle (as) and sea-ice anomaly (aa ) standard 
deviat ion as a function of reg ion around Antarctica . (Prom Lamke et 
al . 1980 . )  

P igure 2 . Range of the Antarctic sea-ice extent lti • for 5 years  
( 1972-1977 ) ,  for selected months . (Prom Streten and Pike 1980 . )  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

E n v i r o n m e n t  o f  W e s t  A n t a r c t i c a ,  P o t e n t i a l  C O 2 - I n d u c e d  C h a n g e s :   R e p o r t  o f  a  W o r k s h o p  H e l d  i n  M a d i s o n ,  W i s c o n s i n ,  5 - 7  J u l y  1 9 8 3
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 1 9

http://www.nap.edu/catalog.php?record_id=19419


9 8  

• 

Pigure 3 .  Range of the seasonal Antarct ic sea-ice extent � I  for 5 
years ( 1972-1977) . ( Prom Streten and Pike 1980 . ) 

pattern (Pigure 8) ,  although there is some cor respondence between the 
1 00- to 500-mb thickness grad ient maximum at h igh latitudes and the 
summer pack-ice marg in (Pigure 9) . This  relationship implies a certain 
amount of  f rontal activity in this  season . 

Cyclones tend to track southeast and d iss ipate generally in the 
major Antarctic embayment& in all seasons (Pigure 10 ) .  The cyc lolysis 
patterns coinc ide , both in summer and winter , with the long itudes of 
maximum seasonal and interannual var iabil ity of the sea-ice extent 
(Pigure 11) . Thus , change s in the long itudinal frequency of depress ion 
centers may influence seasonal ice d istr ibut ion via wind and vor t ic ity 
f ields , even on shor t ( few day ) t tme scales (Pigure 12) .  The pattern 
i s  generally one of equatorward advection of the ice to the west of  
long itudes hav ing a maximum number of  cyclones and is  par t icular ly 

ua. 
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Pigure 4 .  Mean number of new cyclones formed for each 10° latitude 
band in the Southern Hemisphere and shown for months of January , March , 
July , and September .  The data are averaged over the per iod 197 5-1979 . 
(Prom Budd 1982 . )  
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Figure s. Mean monthly distr ibution of cyclogenetic cloud vortices for 
w inters  1973-1977 , showing the relationship to the ocean Polar Front 
(the dot-dashed l ine ) and to the mean positions of the sea-ice margin 
for June ( heavy dashed l ine ) and September (heavy sol id l ine) . 
Isopleth values are area-normalized to 4 5° S .  (Prom car leton 1981 . ) 

important for interannual ice var iations in the Ross and Bellingshausen 
seas ( for example , Figure ll) .  There  is  evidence that decreased ice 
concentration in the Bellingshausen Sea , induced by poleward advection 
of warm air , may intensify reg ional cyclon ic activity via synoptic 
feedback . S imilar effects have been noted in assoc iation w ith the 
winter and spr ing polynya in the Weddell Sea . Minimal changes in ice 
extent are assoc iated with sub-Antarctic high-pressure r idges . As 
Figure 1 4  indicates , more extensive ice in the aoss sector in winte r 
1973  is  assoc iated with a strengthened •mean• low in the embayment , 
with less  extensive ice in winter 1976 cor respond ing to a much weake r 
cyc lonic pattern . There is  a less c lear relationship between 
interannual var iations in ice extent in the the Weddell  Sea and 
r eg ional cyclonic activity ,  at least for the winter , owing to the 
overr iding importance of the oceanic gyre . FOr winters of extreme 
Weddell ice extent , however ,  there is  some evidence of a synoptic-scale 
feedback involving cyclonic activity near the ice edge (Figure 15 ) . 
Additional research is  c lear ly required on Antarctic ice-cyclone 
interactions for the summer season . 
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Figure 6 .  Monthly var iations in the frequenc ies of satellite-observed 
•polar low• cyclogenesis  (comma c louds) in four latitude zones for 
winters  1973-1977 .  Frequenc ies are expressed as the percent of the 
total number of polar lows over all latitudes in that month . 
Cyclogenesis  generally increases over ocean latitudes adj acent to the 
ice marg in through this season . ( From Car leton 1983 . )  
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- _,. WlNTEit ANTARCTIC FRONT 

Figure 7 . Climatological posit ions of the Polar Pront in summer ( SPP) 

and winter (WPP) and of the Antarctic Pront in winter (WAF) . ( From 
'l'alj aard 1972 . )  
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Figure a .  Frequency of developing c loud vor tices (cyclogenesisl in 
summer .  Pull line is  the pos it ion of Taljaard ' s  Polar Front in 
summer . (Prom Streten and Troup 1979 . ) 
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Figure 9 .  sur face frontal frequency maxtma (PPM) , 1 , 000- to 500-mb and 
500- to 300-mb thickness gradient maxima (TGM) , and pack-ice limits 
( PI )  for summer .  ( Prom Taljaard 1972 . )  
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Pi�ure 10 . Distr ibution of cyclone center s per unit area ( 438 , 000 
km ) per summer season (December-March ) of the IGY . (Prom Taljaard 
197 2 . ) 
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Pigure 11 . The range of d issipating c loud vortices (cyclolysis)  for 
the f ive winters  1973-1977 . Isopleths represent the difference between 
the lowest and highest normalized values in each 5° latitude/10°  
long itude unit .  Also shown are  the monthly mean ice-edge locations in  
September for each of  the f ive winter s ,  showing the high var iability in 
the embayment& . (Prom car leton 1979 , 1983 . )  
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Figure 12 . Changes in extent of Antarct ic sea ice and cor respond ing 
mean sea-level pressure f ields for (a )  1-1 2 January 1974  (Julian days 
1-12) ,  and (b)  30 November to 1 4 December 1974  (Julian days 334-348) . 
( From Cavalie r i  and Parkinson 1981 . ) 

h .. 1 m • 

I I I I I i I  I i I  I I I I I I I 1"1 I I I I I I I I I I I I I I I I I 
o .. LONG. l'w o 

.. 

.. . 
� I  I I I I I I I �I I I I I I I 1"1 I I I I I I I I;; I I I I I I I � 

LONG. 

Figure 13 . Change ( in degrees of latitude ) of mean monthly position of 
ice edge between June and September , winters  1973  and 197 6 ,  together 
with the major cyclonic frequency maxima for the 50-7 0 • s  zone . (From 
Car leton 1981 . )  
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Pigur e  14 . Distr ibution of dissipating frontal depress ions in the Ross 
Sea sector for winters  ( top) 1973 and (bottom) 1976 . I sopleth values 
are area-normal ized to 45°S .  (Prom Car leton 1983 . )  

P igure 15 . Cyclones (cloud vor tex frequenc ies)  for the winter of !�76  
expr essed as  a percentage of those for winter 1974 . Stippled areas 
h ighl ight greater 1976  cyclonic activity .  Mean location of the w1nter 
sea- ice margin for 1974 is given by sol id heavy l ine r for winter 1976 , 
by heavy dashed l ine . Rote the ice marg in-cyclone r elationships in the 
Weddell  Sea between the 2 year s .  (Prom Car leton 1981 . )  
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A'l'TACBMBNT 6 

PRECIPITATION RBGEMB OP 
TBB WEST ANTARCTIC ICE SBBBT 

David B.  Bromwich 
Institute of Polar Studies , Ohio State univers ity 

IR'l'RODUCTIOR 

The West Antarct ic Ice Sheet ( Pigure 1 ) , located in the Western 
Hemisphere and lying on the Pac ific s ide of  the Transantarctic 
Mountains , is  much smaller in areal extent and lower in e levat ion than 
the ice mass of Bast Antarct ica : 2 . 3  x 106 km2 compared with 10 . 2 
x 1 0  km2 , and 1 290 m compared with 2500 m ,  respect ively , when the 
ice shelves are excluded (Bardin and suyetova 1967) .  The 
meteorolog ical station networks dur ing the International Geophys ical 
Year ( IGY) , 1957-1958 , and dur ing the winter of 1982 are g iven in 
Pigure l .  In contrast to Bast Antarctica , no upper-air  observations 
are taken at present along the West Antarct ic coast .  Notice also that 
the free atmsophere over the inter ior of the ice sheet is  unmonitored . 

Direct  prec ipitation measurement in Antarctica is  difficult due to 
the frequent conj unction of strong winds and snowfall in coastal areas 
and the predominant occur rence of trace amounts in the inter ior 
(Schwerdtfeger 1970) .  An approximate idea of the multiannual 

prec ipitation d istr ibut ion is obtained from the sur face net balance . 
This net snow buildup at the ice-sheet sur face is  the end result of 
prec ipitation ( from both cloudy and cloud-free sk ies ' Schwerdtfeger 
1 970 ) ,  evaporat ion , deposit ion ( i . e . , r ime and hoarfrost formation) , 
dr i ft-snow transpor t d ivergence , and ( for low e levations ) runof f due to 
melt ing (Bromwich 1979 ) .  TO a f i r st order , prec ipitation equals net 
balance in the inter ior of  the ice sheet . The isopleth& in Pigure 2 
show that , in general , annual snowfall in west Antarctica decreases 
from east to west and from north to south . 

Most of West Antarctica is dominated by the •c ircumpolar • vortex in 
the low to middle tropospher e  (Pigure 3) . This statistical feature 
t ilts with he ight toward the south Pole and determines  the mean 
moisture flux into west Antarctica , espec ially dur ing winter . As a 
r esult of the comparat ively low elevations , sea level cyclones and 
midtropospher ic vortices do penetrate inland (Pigure 4) . These 
c irculat ion character istic s  combined with the ice-sheet topography 
(Pigure 1 )  qualitatively explain the observed annual prec ipitat ion 
d istr ibution (Rubin and Giovinetto 1962) .  
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Figure l .  Map of West Antarct ica , g iving smoothed elevations of the 
ice-sheet sur face (dashed l ines )  in meters and the locations of 
meteorolog ical stations dur ing the IGY and the winter of 1982 . The 
base map was adapted f rom the Amer ican Geographical Soc iety of New 
York ' s  1970 map of  Antarct ica . 

Stat ion key : SOl id c ircles are manned s ites where sur face and 
upper-a i r  observations were collected dur ing 1958  (Schwerdtfege r 
1 970 ) . All stat ions have been c losed apart f rom South Pole , where a 
full meteorolog ical prog ram has been ma inta ined without interrupt ion 
s ince the IGY.  Sol id squares are manned meteorolog ical stations 
collecting only surface data dur ing the winter of 1982 (Scientific 
Committee on Antarctic Research 1982) .  Sol id tr iangles are automatic 
weathe r stat ions (monitor ing sur face values of wind speed , wind 
d irect ion , air  temperature , and atmospher ic pressure ) operating dur ing 
the 1982 winter season . (From Stearns 1982 . )  
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Figure 2 . Annual net balance (dashed lines)  in West Antarctica , 
mod i f ied from Bull (1971) , in g cm-2 . 

STUDIES OF WEST ANTARCTIC PRECIPITATION 

The author i s  aware of only two add itional papers  that focus on the 
atmospher ic hydrolog ic cycle over west Antarctica . These 
semiquant itat ive analyses of data collected around the t�e of the IGY 
are the following . 

1 .  Lettau ( 1969)  examined the annual atmospher ic water balance for 
the Antarctic continent : the net c ross-coastal flow of water vapor 
approximately equals the prec ipitation (Bromwich 1979) . Be compared 
mean moisture transports , calculated from observed mass transports and 
very approximate water -vapor estimates , with net balance values for 
Antarctica . By assuming that the annual mass and water -vapor 
transports are proport ional ,  Lettau demonstrated that : 

• A substant ial fraction of  the atmospher ic moisture flow into 
Antarct ica occurs over west Antarctica . 
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a )  

South Pole 
+ 90"E 

Figure 3 .  Climatolog ical f ields of geopotential height (solid lines , 
in  dkm) and dew-point temperature ( long-dashed l ines , in °C) on the 
850-mb sur face in the v ic inity of  west Antarct ica in (a ) January and 
( b) July . In Figure 3b , the t ime-averaged , c lockwise , geostrophic flow 
around the east s ide of the Ross sea low suggests a marked moisture 
f low into West Antarctic a .  Short-dashed he ight contours  indicate that 
the 850-mb level is located mostly below the ice-sheet sur face . Data 
a re tabulated by Talj aard et a l .  ( 1969) . 

• The mean and eddy moisture fluxes ( the latter resulting from 
covar iance between wind speed and atmospher ic water -vapor content) 
probably contr ibute equally to the tota l West Antarctic transport .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

E n v i r o n m e n t  o f  W e s t  A n t a r c t i c a ,  P o t e n t i a l  C O 2 - I n d u c e d  C h a n g e s :   R e p o r t  o f  a  W o r k s h o p  H e l d  i n  M a d i s o n ,  W i s c o n s i n ,  5 - 7  J u l y  1 9 8 3
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 1 9

http://www.nap.edu/catalog.php?record_id=19419


111 

b )  

Figure 3b . 

I 
\ 
'.... South Pole 

.... .. .... ... _ _ _ _ 1 16 
+ 90"E 

• Meteorolog ical processes can exert  a strong control over west 
Antarct ic moisture transport r  perhaps one -f ifth of  the total annual 
transport at Byrd Station took place dur ing three consecutive days in 
February 1958 ( Figure 5) . 

• The interannual var iability of precipitat ion inland of Byrd 
Station , and perhaps over west Antarctica as a whole ,  may be large J the 
annual frequency of synoptic events l ike that o f  February 1958 could be 
h ighly var iable . 
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Figure 4 .  Tracks of  sea level (wide ar rows) and 700 mb  vort ices dur ing 
1 9 5 8 ,  as deduced from synoptic maps (after Rubin and Giovinetto 1962) .  
E and W in the broad ar rows identi fy the east and west parts of  the 
main storm track . 

2 . Vic kers  ( 1966) compared sur face synoptic pressure maps with net 
balance records from Little Amer ica , Ellsworth , Byrd , and South Pole 
( Figure 1 ) . The strong synoptic control of west Antarctic snowfall was 
highl ighted . In particular , he demonstrated that : 

• The maximum prec ipitation rate in fall coinc ides with the 
influx of mar itime cyclones . 

• Most large storms affect wide areas of  west Antarctica within 
a 2-day pe r iod (Figure 6 ) .  

• Snowfall for 1958  was signif icantly less than for 1957 , 
pr imar ily following from the absence of the heavy snow events of June 
and Octobe r 1957 . 

CONCLUSIONS AND RECOMMENDATIONS 

The main conclusion of th is review is  that the prec ipitat ion reg ime in 
west Antarct ica is  dominated by synoptic events . The high interannual 
var iabi l ity of the Southern Hemisphere c irculat ion suggests that the 
var iability of annual prec ipitation may be cor respondingly high . 
Lettau ' s  ( 1969)  f inding that the t ime-averaged airflow over West 
Antarctica transports large quantities of moisture into Antarct ica i s  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

E n v i r o n m e n t  o f  W e s t  A n t a r c t i c a ,  P o t e n t i a l  C O 2 - I n d u c e d  C h a n g e s :   R e p o r t  o f  a  W o r k s h o p  H e l d  i n  M a d i s o n ,  W i s c o n s i n ,  5 - 7  J u l y  1 9 8 3
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 1 9

http://www.nap.edu/catalog.php?record_id=19419


113 

- �r----------------------------------, 
'• a)  
,. 60 � 
fi 

Feb. l7, 1958 1!1 

� �  .. I Feb. 16, 1958 1!1 
-

g 40  .. 
£ 30  Feb. 18, 1958 1!1 . �20 

• • · a  •• : 
! 

. . . . . . . . 10 • . . , . ,.. ' • . . . ·-· ,. , . . � . ·..�� = . -
.. .._ : I· - .. ... . � ;,... ."' • • .. .... t 0 ���.�. �.�- .�. �.���· -�.��- �.,�.�. L-� • . �-�--------_, 

�-������·������·�· ·�= �· � · ��·����·-·35 -30 -25 -20 -15 -10 -5 
700 mb Temperature (°C) 

( -

Month 

Pigure 5 .  (a)  Daily 700-mb moisture flux plotted against 700-mb 
temperature at Byrd Stat ion between october 1957 and March 1958 . {b) 
Net monthly moisture transpor t through the Byrd sector dur ing the 
austral summer 1957-1958 . (Mod if ied from Lettau 1969 . )  

relevant to the comprehensive s imulat ions for a oo2-enr iched 
atmospher e  presented by Manabe and Stouffe r  (1980) . It suggests that  
their  atmospher ic general c irculation model (AGCM) in part may 
calculate Antarctic prec ipitation amounts 4 times larger than observed 
because the modeled low-tropospher ic temperatures are some 10•c too 
warm and because the moisture-holding capac ity of air is  an 
exponentially increasing function of  temperature . Th is suggestion is 
consistent with the f indings  of Manabe and Stouffer (1980)  and Manabe 
and Wetherald (1980) ,  who noted that the increased poleward water-vapor 
transpor t (compar ison o f  4 x C02 and 1 x C02 exper iments) arose 
because of  the increased moisture content of the air . 

Research is  needed to substantially extend Lettau ' s ( 1969) 
atmospher ic water-balance analysi s .  This extension can be done by 
using uppe r -air  moisture measurements ;  as demonstrated by Bramwich 
( 1979 ) , these data are fai r ly reliable , at least on an average basis . 
The contr ibution of the eddy moisture fluxes should be quantitatively 
established . Atmospher ic water -vapor fluxes , which are l inked to 
prec ipitation via the atmospher ic water balance , can be used to 
constrain AGCM calculations of snowfall .  

Research i s  also needed to l ink synoptic events quantitative ly to 
observed net balances J valuable new results can be extracted from 
avai lable information , especially the IGY data set . Such f ind ings 
could provide another way to estimate the precipitation that would 
accompany the s U.ulated c irculation of a �-enr iched atmosphere . 
Exper ience with numer ical weather predict ion models indicates that the 
large-scale atmospher ic behavior is  easier to predict than the 
precipitaton rate (e . g . , Shuman 1978 J Ramage 1982) .  
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Figure 6. A large-scale snowfall event in West Antarctica on 14  July 
1957 . (Adapted from Vickers  1966 . )  
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WEST ANTARCTIC TEMPERATURES , REGIONAL DIFFERENCES 1 

AND THE NOMINAL LENGTH OF SUMMER AND WINTER SEASONS 

INTRODUCTION 

D .  W . S . Limbert 
Br it ish Antarctic Survey 

Natural Environment Research Counc il 
Cambr idge , England 

The temperature records for stat ions in Antarctica dat ing from the 
Internat ional Geophys ical Year ( IGY) are now suf f ic iently long to 
i llustrate the full range of Antarct ic c l imates . The interannual 
var iabil ity of the coastal Antarctic stat ions in relat ion to sea-ice 
extent (Budd 1975)  emphas izes location d i f ferences . Reg ional 
d i f ferences have also been br iefly descr ibed in the annual repor ts o f  
the Br itish Antarctic Survey ( 1980 , 1981) . 

Th i s  paper discusses the ava ilable West Antarctic temperatur e 
r ecords and relates them to other Antarctic reg ions and , whe re 
poss ible , to the atmospher ic and oceanic c irculat ions .  Because of the 
sparseness of long temperature records , some proxy data based on snow 
accumulat ion rates are used . 

WEST ANTARCTIC TEMPERATURES 

Meteorolog ically , West Antarctica can be def ined as the sector 
extending from long itude 60°W to 1 60°E between latitudes 70 ° and 85°S . 
The Antarctic Peninsula projects nor thward from the cont inent between 
long itudes 60°  and 80°W J the polar plateau south of 85°S  is not 
i ncluded because , as will be shown , its temperatures and , by inference , 
its weathe r are virtually decoupled from the temperatures of West 
Antarct ica . Raper et al . ( 1983a , b) confirm the decoupl ing of the polar 
plateau in a pr inc ipal component analysis of Antarctic temperatures . 

The interannual var iability of temperature relative to that 
observed at Faraday Stat ion is g iven in Figure 1 .  Byrd and McMurdo 
have about half the var iabi lity of Faraday , while ocean islands show 
much less var iability .  Table 1 g ives the cor relations between 
Antarct ic stations . The most s ignif icant connect ion in Table 1 is  the 
close cor relat ion between McMurdo and Byrd Station , the most 
cont inental West Antarctic stat ion . Byrd c losed ear ly in 1970 J s ince 
1980 an automatic weather  stat ion has been operating at Byrd and 
appear s to be g iving rel iable data (Stearns and Savage 1981 ) , but the 
record is as yet too shor t for compar isons with the ear l ier  data 
ser ies . Table 1 shows further that McMurdo and Faraday (Argent ine 
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Figure 1 .  Annual temperature var iability in Antarctica related to that 
at Faraday . 

TABLE 1 .  Interstation Temperature Correlations 

Stat ion Date Swmaer 

Byrd-Amundson-Scott 19 57-1969 
Byrd-Frarady 1957-1969 - . 10  
Byrd-McMurdo 1957-1969  . 86 
Mc:Murdo-Fraday 19 57-1969 . 09 
McMurdo-MacQuar ie Is . 1957-1978 . 09 
MacQuar ie Is . -Faraday 1949-1978 . 30 
McMurdo-Amundsen-Scott 19 57-1978 

Autumn Winter Spr ing 

. 30 

. 79 
. 01 . 18  . 42 
. 15* . 03 - . 268* 
• 21* . 37 . 33 

Summer data from December , January , and February J autumn data from 
March , Apr i l ,  and May J winter data from June ,  July , and August J spr ing 
data from September , October , and November .  

*Gap of 3 years ,  1969-1971 . 

Annua l 

- . 01 
- . 01  

. 83 

. 4 3  
- . 10 

. 51 

. 10 
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Islands)  temperatures are cor related in spr ing and on an annual bas i s  
at  a low s ignif icance level and that Faraday temperatues are also 
cor related with those at Macquar ie Island , pr inc ipally annually . 

The poor cor relation between Macquar ie and McMurdo reflects the 
separat ion of the midlat itudes and the Antarct ic by the c ircumpolar 
t rough (CPT) . The Faraday-Macquar ie cor relat ion is s imi lar to an 
atmospher ic c irculat ion coupl ing and a feature already noted by Pittoc k 
( 1980a , b ) , who represented it by the •Trans-polar index , •  de f ined as 
the mean sea leve l pressure anomaly dif ference between Tasmania and the 
Falkland Islands . 

The role of the d i f ferent seasons in the annual temperature is  
ind icated by the cor relations in  Table 2 . 

The winter temperatures play the dominant roles at both stat ione r 
the generally h ighe r values in the Antarct ic Peninsula reflect its 
larger interannual var iability , wh ich ra ises or lowers  all temperatures 
dur ing a year . 

SEA ICE AND OCEAN INFLUENCES AND LOCAL CLIMATE PERS ISTENCE 

The quest ion ar ises : Does a ne ighbor ing reg ion ' s  prev ious season 
a f fect West Antarct ica in any way? Budd ( 1975 )  suggested that 
temperatures of a coastal str ip are directly related to the reg iona l 
extent of sea ice . He plotted annual temperature anomal ies of stations 
around the Antarct ic per iphery and suggested that there was a 
west-to-eastward movement of the temperature anomal ies . The evidence 
is not complete ly convinc ing , and an analys is of the pos itions of the 
ma in peaks and troughs of the annual temperature cyc les for each of the 
coasta l reg ions in a smoothed ( runn ing 3-year mean ) temperature record 
seems to provide ev idence for a contrary movement from east to west 
around the coast of Antarct ica (Figure 2 ) .  Both effects may be real i f  
the controll ing factor is  the ocean cur rent system (Figure 3 ) , with the 
Antarct ic coastal cur rent and the Southern Ocean cur rent interacting in 
a semiper iod ic fash ion . Fbr example , late development of sea ice in 
one par ticular coastal reg ion could modi fy the local climate and 
mainta in a pos it ive temperature anomaly as that particular band of sea 
ice and water moves westward in the coastal cur rent . Thus , a seasonal 
temperature anomaly may be recognizable further west in the following 
season . 

Table 2 . Seasonal Influence on Annual Var iability 

Season/Year 

Summer correlated with year 
Autumn cor related with year 
Winter cor related with year 
Spr ing cor related with year 

Faraday (n•40 )  

. 67 

. 78 
. 9 2 
. 66 

McMurdo (n•26 )  

. 4 3 

. 36 

. 61 

. 63 
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Pig Jre 2 . Peaks (P )  and troughs (T) in the trend of smoothed 3-year 
mov ing averages of  reg ional mean annual temperatures in Antarctica . 

Copyright © National Academy of Sciences. All rights reserved.

Environment of West Antarctica, Potential CO2-Induced Changes:  Report of a Workshop Held in Madison, Wisconsin, 5-7 July 1983
http://www.nap.edu/catalog.php?record_id=19419

http://www.nap.edu/catalog.php?record_id=19419


120 

Figure 3 .  The Antarct ic Convergence (AC) and sur face ocean currents 
south of 4 S 0 S .  The values entered on the equatorward s ide o f  the AC 
represent temperature discont inuities ( in °C) at 10 °  intervals , and the 
pairs  of  number s  on its poleward s ide are the middle temperatures in 
the warmest month (February ) and coldest month (October ) ,  
respectively . PAC is Pac if ic-Atlant ic Convergence . BWED is boundary 
between west and east wind dr i fts . The ar rows represent d irect ion and 
approx imate speed ( 1 em • 1 knot ) of the sur face cur rents . 
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� test this idea , some lag cor relations between Faraday and 
McMurdo are g iven in Table 3 .  

Two cor relat ions stand out . Faraday spr ing temperature anomal ies 
appear to be followed by s imilar anomalies in the McMurdo summer , and 
this  may be evidence of the hypothesized effect of the Antarctic 
coastal current . Although the remaining pos itive cor relat ions from 
Faraday to McMurdo are not s ignificant , they do not contradict the 
hypothesis of westward movement . The McMurdo-to-Faraday seasonal lag 
correlat ions are contradictory and not s ignificant . surpr ising ly ,  the 
annual lag cor relat ion f rom McMurdo to Faraday is s ignif icant r this may 
be an example of west-to-east influence and evidence of the importance 
of gross changes in hemispher ic c irculat ion and total distr ibution of 
sea ice , as d istinct from local effects . The regional averages 
discussed in a subsequent section on temperature trends support the 
east-to-west coastal movement . 

STORM TRACKS AND TEMPERATURE 

The relation of  storm tracks to the edge of  the sea ice can be seen in 
Figures 4a and 4b . The storms move predominantly along the ice edge in 
West Antarctica but with a movement across the ice edge in the lee of 
the Antarct ic Peninsula . A preferred storm track  leads from the Ross 
Sea into West Antarctica near Byrd Stat ion . Similar storm tracks were 
ident ified by Astapenko ( 1960 ) .  It is  ax iomatic that in polar reg ions , 
storms br ing warmer weather in all  seasons other than summer . The 
increased wind veloc ity destroys the sur face inversion , and the 
increased c loud iness prevents rad iat ive cooling . More important , 
warme r southern Ocean air  is  introduced into the continent . Tnus , the 
posi t ion of  storm tracks influences the annual temperature cycle . 
Mayes ( 1981 )  has analyzed 22 year s of  depression tracks for the 
Antarctic Peninsula based on working synoptic char ts produced in the 
Falkland Islands between 1947  and 1968 . Figure 5 shows the total 
number of  cyclones identi f ied between latitudes s o •  and 70°S  between 
long itudes 40 ° and 65°W .  As pointed out by van Loon (see Attachment 
2 ) ,  the analyses for the summers 1 9 5 5-1956  and 1 957-1958 deserve more 
credence than the rest . In th is context , the low frequency dur ing the 

Table 3 .  Inter season Cor relat ions and Per s istence , 1 957-1982 

Season McMurdo 

SuJmDer -autumn . 17 
Autumn-winter - . 08 
Winter -spr ing . 16 
Spr ing-summer . 39 
Year 1 to year 2 

Faraday 

. 6 2 
• 58 
. 26  
. 29 

McMurdo­
Faraday 

< . 01  
. 27 

- . 1 5 
. 27 
. 61 

Faraday­
McMurdo 

. 33 
• 28 
. 2 6  
. 56 
. 3 8 
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Figure 4a . Number s  of depress ions observed dur ing Novembe r 1967 and 
1 968 . 

1 9 57-1958 IGY summer should be noted , and also the systematically 
greater storminess of the seven following summers . Winter cyclone 
t racks are concentrated in a nar rower latitude band , and the latitude 
of the main cyclone tracks is not the same from year to year . 

A recent analysis I have made shows that four ma in weather patterns 
(Figure 6 )  can be ident i f ied as those governing the overall climate of  
the Peninsula . By compar ison of seasonal temperature anomalies , 
prec ipitat ion frequency , pressure var iat ions , and the pr inc ipal wind 
d i rect ion at Faraday , it has been possible to infer the probable 
locat ions of the c i rcumpolar trough between 1947 and 1982 . These 
f ind ings are summar ized in Tables 4 and 5 .  The easter ly type ( low 
pressure nor th of 65°S )  can g ive warm or cold winters . The wester ly 
type (trough south of 65°S )  tends to g ive cold winters .  The change in 
the 1960s from westerly/trough dominat ion to a dominant easte r ly 
pattern was mar ked by the cessat ion of the 4- through 5-year 
temperature osc i llat ion of  Pen insula temperatures (Figure 7 ) . The 
e ffect of  the d i f ferent a i r  masses on Faraday can be seen in the latest 
temperature analysis  for that stat ion , which has been extended back to 
1 944 by reference to ear l ier  stations now c losed . 
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Figure 4b . Prefer red cyclone tracks dur ing November 1967  and 1968 . 

The ma in features can be summar i zed as follows : 

1 .  Autumn and winter temperature values show very large var iations 
f rom year to year . Spr ing and summer values show much less var iation . 

2 . The very large winter var iations have the greatest effect on 
the annual average temperature . 

3 . Before 1960 there were large 4- or 5-year cycl ic var iations . 
Since then , the cyclic behavior has become ir regular . 

4 .  In the ear ly 1970s each season was , in general , warmer than the 
average , g iving h igher than average annual temperatures . 

No s imilar analysis has been poss ible for the McMurdo-aoss Sea 
reg ion of West Antarctica . 

LENGTH OF WIII'l'ER AND SUMMER SEASONS 

As a more phys ical alternative to the standard def inition of the winter 
or summer seasons as 3�nth pe r iods , a season can be def ined by using 
a cr iter ion based on actual temperatures . The summer season would best 
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Figure s .  Seasonal number s  of cyc lones observed between long itudes 40°  
and 65°W and lat itudes so • and 70°S  dur ing 1947-1968 (Mayes 1981 ) . 

be de fined as the per iod when dayt ime upper-air  temperatures show , on 
the average , a decrease upward from the sur face ; that is , the winter 
sur face inve rs ion has not developed . Unfortunately , there are few 
publ ished continuous upper-air  temperature records , so th is approach 
cannot be used for a t ime ser ies study . To g ive an idea of the 
d ifferences across West Antarctica , upper-air  data for 1958  show the 
following approximate •summer • lengths : 

Amundsen-Scott 
Byrd 
Little Amer ica v 
Halley 
Faraday 

December 
November -Februar y 
November-January 
October -Apr il 
October -Apr il  

To use the more readily available sur face data , different cr iter ia  
a re needed . At Faraday the •winter • can be taken to beg in when the 
max imum temperature falls below o •c .  Th e  monthly mean temperature i s  
a t  least 2° -3°C lower , and new snowfall accumulates . This g ives a 
gu ide to changes in the length of  winter , which in par t  determines the 
amount of sea ice in the Peninsula area . The var iat ions in the date of 
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Figure 6 .  Weather patterns governing the climate of  the Antarctic 
Peninsula . 

start of winter as def ined above are generally larger than those for 
the end of winter  (Figure 8) . In the 1970s the late start and ear ly 
end of winter  resulted in a relatively lengthy pe r iod of warm winters 
and eas ier ice conditions . Since the ear ly 1950s the overall change 
has been toward shorter winters , that is , a warming . Shor t winters  
mean longer summers and greater potential for ice melt . 

A s imilar analysis of season length has also been made us ing 
McMurdo data . McMurdo is c lose to the Ross Ice Shelf , and its 
temperatures are lower than those at Faraday , an island stat ion . Sea 
ice can form at any time in the year . But for the initia l  formation o f  
sea ice (melting point -l . 8°C) , per s istent temperatures below -5° to 
-8°C are needed after the summer warming of Antarctic Ocean water 
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Table 4 . Occurrence of Dominant Weather Systems in Winter for the 
Antarctic Peninsula , 1947-1982 

Temperature eompared to Winter Average 
Weather system Cold Average warm 

Type 1 (easter ly)  2 7 9 

Type 2 (wester ly )  3 3 0 

Type 3 (trough) 5 1 3 

Type 4 (col )  1 2 0 

( Limbert 1970 ) .  Therefore , a mean monthly temperature of -5•c has been 
used as the cr iter ion for the summer/winter  divide .  The results are 
shown in Figure 9 .  

A comparison o f  the lengths o f  summer seasons at Faraday and 
McMurdo furthe r conf i rms the lack of d irect seasonal l inkage between 
the Antarctic Peninsula and the Ross Sea sector of  west Antarct ica . 
The reason is simple : McMurdo is  well  inside the c ircumpolar trough 
( CPT) and mainly influenced by continental a i r  f low 1 Faraday is  on a 
low island at a lat itude close to the CPT and is  frequently visited by 
predominantly ocean ic air  masses . But both stations show that , in 
general , the areas they represent are returning to shor ter summe r 
per iods after warm spells in the late 1960s and ear ly 1970s . The ice 
extent in the Atlantic sector also shows an increase from 1975 , but no 
such increase is  to be found in the Pac i f ic sector (Chiu 1983) . The 
dif ference is difficult to explain . The general conc lus ion is  that 
over a per iod of years the dates of  start  and end of  summer and winter 
seasons must respond to gross c i rculation patterns that have been 
descr ibed by Rogers and van Loon ( 1982) and swanson and Trenberth 
( 1981 ) . 

Table 5 .  Occurrence of Dominant weather systems in Winter for the 
Antarctic Peninsula , 1947-1982 

Type 1 Type 2 Type 3 Type 4 
Date Easter ly wester ly Trough Col 

1947-1960 2 5 5 2 

1 961-1970 6 1 2 1 

1971-198 2 10 0 2 0 
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Figure 7 .  Seasonal and annual temperatures at Faraday . 

PROXY TBMPERA'l'ORES 

.. 

.. 

.. 

- .. .. 
,_ 

Snow accumulation in the Antarctic depends on the water -vapor transport 
to the continent ( Loewe 1962) .  Thus , accumulation should be related to 
the local mean saturated vapor pressure . � a f irst approxiaation , the 
saturation vapor pressure (e i ) is related to temperature (Tc) by 
the relat ion 

ln ei ... B'l'c + c .  

Bence , i f  the hypothesis i s  valid , we should expect that for snow 
accumulation (A) , 

ln A ... B 1 'l'c + c 1 • 
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Late 
:m Early 

End d wintw  
( Days  after 
.bnuary 1 1  

Length of winttar 
( Days  I 

Start of winter 
I Days after 
January 1 1  

0,���------�19���----�,�gro�------�19���------�,9���-----�,�990�--� 
Figure B .  Date of start and end of  winter and length of winter . 
Faraday 65° S ,  64°W, 1944-198 3 .  

The relation can only hold for a l imited temperature range , say 
10°C , around the mean temperature for each location . Mellor (1963 ) 
compared 256 pairs  of data and obta ined log10  A • 0 . 0235T + 1 . 95 ,  
with a cor re lation coe f f ic ient r • . 7 2 . Robin ( 1977)  and c . Lor ius 
(pr ivate communication , 1983)  have conf irmed the val idity of the 
log-linear relation . Morgan ( 1982 ) points out that the method is 
i ncapable of distingu ishing seasonal changes . However , if  we are only 
dealing with annual amounts , we may not have an exact equivalence , but 
there should be a var iation related to the var iation in annual 
temperature . 

Mean temperature and annual accumulation data collected at Halley 
since 1956  g ive the relation 

T • 6 . 135  ln A - 40 . 8  

( r  • . 69 ,  n • 22) .  Mellor ' s  equation would be 
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1 30 

T • 18 . 48 ln A - 8 2 . 98 .  

The d i f ferent constants illustrate s ite differences of temperature 
reg ime , evaporation , and the l i ke . 

Thus the accumulation rate provides a way of determining past 
temperature var iations without reference to isotopic analysis , and we 
can use deep-pit stratigraphy records to estimate the approximate s ign 
and magn itude of past c limate/temperature changes .  I have examined 
f ive such records for the Antarctic , inc luding one for Byrd (Gow 
1961) . They show (Figure 10)  that : 

• The infer red temperature range is  between 2 and 3 °C J  
• Per iods of maximum accumulation do not occur at the same time r 
• Wilkes (Goldthwa ite 1959 )  and Byrd show s imilar broad-scale 

features J 
• South Ice ( Lister 1960 ) and south Pole are s imilar . 

Wi lkes and Byrd are both influenced by weather systems approach ing 
the Ross Sea . South Ice is di rectly inf luenced by events in the 
Weddell  Sea J the parallelism with Pole Station then points to c l imate 
effects from the south Atlantic/South Amer ican sector . SANAE Station 
( Neethling 1970) ,  at the northeast entrance to the Weddell  Sea ,  is  

complete ly out of phase with South Ice . The inference is that in the 
1 9 20s , frequent blocking anticyclones occurred c lose to 0° long itude in 
60° or 65°S ,  which forced depressions to go deep into the Weddell Sea 
to br ing extra snowfall  and h igher temperatures . That same cyclonic 

� 
! 
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I 

I I 

TPI •111 111 . - - lta.IUIIII 
., till - " 1UI ... _.,. 
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- •cr 
... ""' 
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Figure 10 . Accumulation rates at Antarctic stations ( from pit 
stratigraphy ) and inferred temperatures . 
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c irculation in the Weddell Sea forces export of ice to the South 
Orkneya , together with a f low of cold a i r  nor thward between 40° and 
600W. The 1920s were very cold in the South Orkneya , with hard sea-ice 
conditions (Heap 1964) . Available expedition records suggest the aa.e 
was true for the Peninsula at 65°S .  More recent temperature trends are 
d i scussed in the next section . 

TBMPERA'l'ORE TRENDS 

F igures 11  and 1 2  show Antarctic reg ional temperature trends based on 
my analysis of the pr inc ipal stations of Antarctica , reported by the 
Br itish Antarctic survey ( 1980 , 1981) . The sectors are based on the 
natural divisions of Antarctica def ined by the surface wind flow 
(Mather and Miller 1967) . Least-squares regress ion lines for (a )  
1956-1978 and , where possible , for (b)  longer per iods , show most of the 
trends to be nons ignif icant . Only after  1960 is there any s ignif icant 
coherent upward change in temperatures . That change ceased between 
1 970 and 197 5 ,  and the movement has been downward ever since .  Taken 
together , all  reg ions g ive pos itive evidence of a general temperature 
r ise , which averaged over the continent (exclud ing the Antarctic 
Peninsula ) , was +0 . 35°C between 1957 and 1978 ( +0 . 0169 + O . Ol29°C 
y r-1) 1  about the same change occurred in West Antarctic;, but 4 t imes 
as large a change was recorded in the Peninsula . 

The continental temperature r ise has a parallel in the record from 
islands in the Southern Ocean (Figure 13 ) .  Here , the interannual 
var iability is  smaller , and the a i r  temperature is controlled by the 
surround ing ocean , which is conservative in temperature response . The 
combined ocean-island increase from 1957-1978 was +0 . 42°C ( 0 . 0189 + 
0 . 007 2°C yr-1 ) ,  which agrees with the change over Antarctica and -

statistically is  more s igni f icant . The combined ocean-island change 
s ince 1949 is , however ,  smaller (+0 . 36°C) . 

A recent study by Rape r et al . ( 1983a) , based on pr inc ipa l 
component analysis of fewer stations than are considered here , gave a 
much greater  increase in the Antarctic temperatures .  This f inding is  
open to  doubt because it  impl ies an  extra increase of 0 . 4°C  between 
1978  and 1981 , conflicting with the actual observed downward trend . To 
complete the present analysis for west Antarctica , all expedition 
records have been used and adj usted to apply to three broad sectors , 
taking into account the temperature d i fferences caused by geographic 
locat ion and interannual change . The results are shown in Figure 14 . 
The trend c la imed for Little Amer ica by Wexler , when adj usted in this 
way , is  no longer significant . In both the Ross Sea and the Antarctic 
Peninsula sectors of West Antarctica , it  was probably warmer around 
1910 , cooler in the 1930s , and again warmer in the late 1960s and early 
1 970s . The year 1981 was unusually warm as a consequence of a very 
warm winter in the Antarctic sector south of Australia and New Zealand , 
and this  tempora r i ly interrupted the downard temperature trend (Raper 
et al . 1983b) . The causes of the particular anomaly mer i t  a full case 
study . 
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Figure 11 . The apparent trends indicated by the least-squares 
regress ion l ines are not s ignif icant for reg ions A,  B, c ,  E , and F .  
Th e  trends i n  reg ions D and G are barely s ignif icant a t  the 5 percent 
level ( r • . 44  in both cases ) . 
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Figure 1 2 . Antarctic temperature trends . Symbol •a•  mar ks regress ion 
lines for 1956-1978 ; •b•  marks  regress ion line for entire record . 
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Figure 1 3 .  Temperature trends at sub-Antarctic islands . Symbol •a • 
marks r egression lines for l956-l9 7 8 J •b• marks regression lines for 
the entire record . 
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Figure 14 . Long temperature records for West Antarctica . 

CONCLUS IONS 

Temperature trends constructed for west Antarctica and the Antarctic as 
a whole are inconclusive . They do not show any signi f icant warming 
outs ide the normal range of temperature var iability .  Proxy temperature 
data suggest that temperature var iat ions within a 2°-3°C temperature 
range have occur red over the last 100-200 year s .  This f inding 
emphas izes the natural climate var iabi lity over a t ime span of only a 
few generations . 
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There is  some evidence of the influence on Antarctic temperatures 
of the Antarctic coastal current , and a better understanding is  needed 
of bow the Antarctic c ircumpolar cur rent and the Antarctic coastal 
current interac t ,  as well as of  their  effects on the annual temperature 
cycle and interannual climate var iability .  However , by far the moat 
important factor in Antarctic temperature changes seems to be the 
pos ition of the circumpolar trough and the storm tracks penetrating the 
Ross and Weddell seas . These are dominated by large-scale changes in 
hemispher ic circulation caused by slow changes in the average position 
o f  the main midlatitude blocking anticyclones . 

The lack of observational data from West Antarctica is  to be 
d eplored 1 every effor t should be made to maintain the newly established 
automatic weather station at Byrd and to extend the deployment of other 
�ucb stations to the coast of west Antarctica . The lack of  upper -air  
data hamper s  research and analys is . It is  significant that the long 
t ime ser ies of upper-air  data for Faraday bas less interannual 
var iability and shows that many of the surface trends are biased by the 
local environment (Figure 15) . 
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A'.l'TACBMERT 8 

PRESENT AND FUTURE MELTING ON ANTARCTIC ICE SHELVES 

w. s .  B .  Paterson 
Paterson Geophysics Inc . , Br itish Columbia , Canada 

INTRODUCTION 

As the concentrat ion of C02 in the atmosphere continues to r ise , 
e fforts to pred ict tne extent and consequences of the expected c l imatic 
warming are be ing intens i f ied . Most studies pred ic t that warming will  
be  greatest in the polar reg ions (Gates 1980) . The f loating ice 
she lves that sur round much of Antarctica may be particularly vulnerable 
to warming ; the ir sur faces are only a few hundred meter s  above sea 
level , and the air  temperature reaches o • c  around the coast in summer . 
Increased melting and runoff at the sur face , or increased me lting at 
the base , would thin the ice she lf . Moreover , in t ime , sur face warming 
would increase the ice tempe rature and , therefore , the spreading rate , 
wh ich would reduce the ice thickness ir respective of any melting . 

The ice shelves are impor tant because the base of the ice sheet in 
West Antarct ica , unl ike those in East Antarctica and Greenland , l ies 
well below sea level . Many believe that such an ice sheet is  
buttressed by its surround ing ice shelves , in this case , mainly by the 
Ross and Fi lcnner -Ronne ice she lves , and that removal of these would 
cause the whole ice sheet to disintegrate (Thomas 1979) .  This 
d is integrat ion would ra ise wor ld sea level by about 5 m . An extreme 
view is that doubling the atmospher ic concentration of C02, which 
will  happen in about 50 years  if present trends in foss il  fue l 
consumpt ion continue , will  be enough to br ing this  about (Mercer 1978) . 

In th is  paper I review the data on sur face melt rates on ice 
shelves , try to predict how much these will  be increased by 
co2-induced warming , and assess the ser iousness of the threat to the 
ice shelves . By restr ict ing th is review to the ice-shelf  sur face , I do 
not imply that melt ing at the base is unimportant .  Atmospher ic warming 
w ill  increase the temperature of the ocean and thus the amount of neat 
ava ilable for basal melt ing , which may well  be more important than 
c hanges at the sur face . 

Table 1 g ives information about four of the best-stud ied ice 
shelves : George VI (Bishop and Walton 1981 ; Lennon et al . 1982) ,  
Maudhe im (Scnytt 1958a , b ;  swithinbank 1960) , Ross (Clary and Chapman 
1963 ; Bentley et al . 1979 ; zotikov et al . 1980 ; Thomas et al . in 
press ) , and Amery (Budd 1966 ; Budd et a l .  1982) .  Figure 1 shows the 
locat ions for the major ice shelves . 
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Table 1 .  Ice-Shelf Data 

George VI Maudhe im Rosa Aaery 

Latitude , • s  70 to 7 3  71 78 to 83  69 to  71  
1 0-m temp . , • c  -1 to -10 -17 -22  to -27 -19 to -24 
Thickness , m lOO . to 500 180 220 to 800 300 to 800 
sur face balance , 0 . 01 to 0 . 8 0 . 4 0 . 1  to 0 . 3 0 . 04 to 0 . 5  

m/a ( ice) 
Basal  balance , -o . s  to -10 -0 . 9  +0 . 02 to -1 . 0  0 to +0 . 5  

m/a ( ice ) 

MELTING ON ICE SHELVES 

When the sur face snow starts to melt in summer , the water percolates 
into the under lying layers . When it reaches a depth where the 
temperature is still below o • c , it refreezes . When there is enough 
refrozen meltwater to form a continuous layer , further water collects 
on top of it until , when all the snow baa been melted , a pool is  
formed . water in  the pools may eventually drain into crevasses , or of f 
the f ront or a ides of the ice ahelf r or it  may remain in place and 
refreeze at the end of the summer . The small  surface slope of ice 
shelves favor s accumulation r ather than drainage . Melting does not 
change the mass balance of the ice shelf i f  the meltwater refreezes at  
the sur face , in the anowpack ,  or in a crevasse . If ,  however , the water 
runs off into the sea , the mass of the ice shelf is reduced . 

On George VI Ice Shelf , much of the sur face is covered with melt 
pools in summer . Some of the water dra ins off the western a ide of the 
ice shelf . The net mass balance at the sur face rema ins pos itive 
everywhere , however ,  although in places it is only 0 . 01 m/a (Bishop and 
Walton 1981) . Although the ice front has retreated in the past 30 
years , parts of the shelf  may be thickening (Doake 1982) .  Geolog ica l 
evidence ind icates that the ice shelf  d isappeared dur ing the 
postglac ial Bypaithermal interval and reformed when temperatur e 
decreased (Clapperton and Sugden 1982) .  Because moat estimates suggest 
that a doubling of atmospher ic C02 would result in temperatures at 
least as high as in the Hypa itherma l ,  the George VI Ice Shelf would 
probably disappear . 

At Maudhe im , there is  much leas melting than on George VI Ice 
Shelf , and all the water refreezes in the firn .  Schytt ( 1958a )  made a 
deta i led study in a 1 2-m pit . Each summer ' s  sur face could be 
dist inguished , and accumulation rate was calculated from the thickness 
and density of each annual layer . SChytt ' a  values are g iven in Table 
2 . Each •year • starts at the end of the melt season . Thus , 1950 
extends from middle or late January 1950 to middle or late January 
1951 . Prom the area of each melt feature in the stratigraphic section , 
I calculated the total thickness of refrozen meltwater in each annual 
layer on the assumpt ion that all melt features had a dens ity of 900 
kg/m3 • I assumed that each summer ' s  meltwater refroze in the same 
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SOUTH 
P�E 

Figure 1 .  Map of Antarctica showing the major ice shelves ( shaded) . 
Prom Thomas et al  ( in press ) . 

annual  layer r this is true , except in 1949 . Results are g iven in Table 
2 . The thickness of refrozen meltwater is a minimum figure because 
some meltwater merely increases the size of the f irn grains . Because 
maximum percolation depth is highly cor related with the total thickness  
o f  melt features , it could be used as a rough measure of the amount of 
melting and , thus , of summer warmth . 

The results illustrate the large year-to-year var iations in the 
Antarctic c l imate . Accumulation var ied by a factor of 2 . 5 over the 1 7 
years of record . The thickness of refrozen meltwater also var ied 
wide ly , but in no case did it exceed 15 percent of the annual layer . 
This  f inding contrasts with conditions over most of George VI Ice 
Shelf , where the whole of each annual layer is melted . 

A stratigraphic record for the per iod 1913-1967 has been obtained 
at SANAE on the Pimbul Ice Shelf  some 400 km east of Maudhe im , although 
deta i ls have not been published (Neethling 1970) . Because 
meteorolog ical observations were made from 1960 to 1968 , these data 
could be used to relate meltwater to summer temperature . 

On Amery Ice Shelf , the percentage of refrozen meltwater  in  an 
annual layer increases with d istance from the ice front and reaches 50 
percent at the ground ing l ine . The lower par t  of Lambe r t  Glac ier , 
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Table 2 . Maudhe im Melt Data 

Annual Accumulation , 'l'ota 1 Me 1 t , 1111 Percolation 
Year mm of water equivalent of water equiva lent depth , m 

1 951 355  5 ? 
1950 24 4  3 ? 
1 949 368 30 > 0 . 90 
1948 243  3 2 0 . 36 
1947  391  4 2 0 . 7 7 

1946 448 1 5  0 . 83 
194 5  34 2 1 0 . 0 3 
1944 298 4 5  0 . 69 
194 3  430  8 0 . 40 
1942 356  27 0 . 39 

1941  325 10  0 . 3 7 
1 940 469 8 0 . 35 
1939 585 1 2 0 . 1 6 
1 938 221 4 0 . 0 2 
19 37 407  4 0 . 3 9  

1936 267 1 2 0 . 53 
1935  4 50 9 0 . 2 1 

Mean 365  16  0 . 43 

which feeds the ice shelf , is a •blue ice • area and is covered with 
melt pools in summer (Budd et al.  1967 ) . Blue ice areas are found in 
reg ions of strong katabat ic winds . These prevent snow accumulat ion so 
that the sur face consists of ice that is ablated by evaporat ion and 
wind eros ion throughout the year (Schytt 1961) . Moreover , because ice 
has a much lower albedo than snow , melting can occur when the air  
temperature is  a few degrees below o • c .  Lambert Glac ier is heavily 
c revassed upstream of the blue ice area . There is some melting here 
also , but whether any of the meltwater is  lost , rather than merely 
r efreez ing in the crevasses , is unclear (Budd et al. 1967) . 

Strat igraphic studies at camp Michigan , near the front of the Ross 
Ice She lf , showed one me lt layer in 6 years ( Zumberge 19 58) . 

THERMAL EFFECTS OP MEL'lWATER 

In reg ions where the sur face never reaches the melting point , the 10-m 
f irn temperature is  approximate ly equal to the mean annua l air 
temperature . Where there is melt ing , however ,  the 10-m f irn 
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tempe rature exceeds the mean annual a i r  temperature , because each graa 
of me ltwater that refreezes release s  enough latent heat to raise the 
temperature of 1 60 g of snow or f irn by 1 K .  ( Th i s  is a max imum f igure 
because some of the heat may escape to the ai r . )  Mercer ( 1 9 7 8 )  
s uggested that th is process will  eventaul ly raise the temperature 
throughout an ice shel f  to the melting point when C0 2 warming 
inc r eases the me lt rate . However ,  me ltwater can penetrate a few meter s  
o f  f i r n a t  most before r e f reez ing .  MOreover , the process i s  
se lf-limiting , when enough wate r has ref rozen to form a cont inuous ice 
layer , the re w i l l  be no more percolat ion be low that depth . 

Data on warming by refreez ing of me ltwate r are summar i zed in Table 
3 and Pigure 2 . On Wh ite Glac ier , the 10-m tempe rature var ied by 
seve ral deg rees in the same borehole in d i f fer ent year s and betwee n 
� i fferent boreholes at the same e levat ion , so I took mean values .  
warming i s  relat ive ly sl ight on George VI Ice Shelf , because the 
sur face below the w inter snowpack cons i sts of impe rmeable ice . On the 
Greenland Ice Sheet at latitude 77°H , the lapse rate i s  constant ( 1  K 
per 1 0 0  m) above 1 500 m but appear s  to decrease stead i ly be low . This 
f ind i ng suggests that the re i s  no melting above 1 500 m and that , be low 
this l imit , the amount of  melting inc reases with decrease of 
e leva t ion . Strat ig r aph ic stud ies (Benson 1962 ) conf i rm thi s  
assumpt ion . The maximum warming i s  4 . 5  K .  That there i s  me lting at 
Maudhe im and SANAE ( 10-m tempe rature of -l8°C)  but not at Little 
Amer ica ( -22 °C} supports the idea that a mean annua l a i r  tempe rature of 
about -2o •c  may be the c r i t ical va lue for the onse t of me lt ing . 
Melting , however , depends on max imum summe r rathe r than mean annual 
tempe rature , and the data from Devon Island show that the c r i tical 
value i s  somet imes below -2o•c . In summary , r e f reez ing of pe rcolat ing 
me ltwate r r a i ses 1 0 -m  temperatures by from 2 to 5 K above mean annual 
a i r temperatures . The values of 7 and 8 K observed on two g lac ie r s  in 
the European Alps ( Pater son 1981 , p. 190 ) should be an uppe r l imit . 

Me ltwate r that drains into c revasses r eaches much g r eater depths 
than wate r that pe rcolates through f i rn .  Many of the ice streams that 
feed the ice shelves have heav i ly c revassed areas , with summer melt ing , 
immed i ately upstream of the ground ing l i ne .  Stu ive r e t  al . ( 1981 , p .  
4 0 3)  suggested that latent heat released by water r efreez ing i n  these 
c r evasses w i l l  produce anomalously h igh tempe ratures in the upper 
laye r s  of the ice shelf near the g round i ng l ine . However , the heav i ly 
c revassed melting area on Lamber t Glac ie r appears to have no e ffect on 
the tempe rature of the Amery Ice She l f J the 1 0-m temperature near  the 
g round ing l i ne ( -2 3 . 5°C)  i s  lowe r than e lsewhe re on the ice shelf  (Budd 
1 9 66 ) . Moreover , the tempe rature-depth prof i le some 200  km downstream 
has no anomalously warm bulge (Budd et al . 1 9 82 ) , even though a wate r 
pocket , which presumably or ig inated as a wate r -f i l led c revasse , was 
encountered when dr i ll ing at a depth of  SO m (W . P . Budd , pe r sona l 
commun icat ion , 1 9 8 3 ) . Jarvis and Cla r ke ( 19 7 4 )  found anomalous ly warm 
tempe ratue s at depths between 20 and 80 m in Steele Glac ier ( Yukon) . 
They asc r ibed it to f reez ing of water in c revasses opened dur ing a 
surge 6 yea r s  be fore and ver i f ied the inte rpretat ion by a numer ical 
mode l tha t prov ided an exce llent f it to the observed temperature 
prof i le .  The greatest tempe rature anomaly waa about 7 K .  The amount 
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Table 3 .  Ten-Mete r Ver sus Mean Annual Ai r Temperatur e 

Name T1o , •c A T, K Method Reference 

George VI -8 to -10 0 to 2 measurement Bishop and Walton ( 1981.) 
Ice She lf* 

Barnes Ice "' -10 2 to 5 model ing Hooke ( 1976)  
Cap 

Devon Island -2 3 2 . 8 model ing Pater son and Clarke 
Ice Cap 

White Glac ier -11 to -15 3 to 7 measurement Muller ( 1976)  

*Nea r Poss i l  Bluff . 

o f  me ltwater on Steele Glac ier i s  much greater than on any Antarct ic 
ice stream. Moreove r the c revasses are deepe r : 80 m compared with 2 0  
m on Byrd Glac ier , which feeds the Ross Ice She lf ( Pfeffer 1982) .  
Thus , I th ink it  unl ike ly that , in Antarct ica , wate r refree z ing in 
c revasses cou ld ra ise the tempe rature of the surround ing ice by more 
than a few deg rees . Present 10-m temperatures i n  the Ross Ice She l f  
r ange f rom -22  to -2 8°C.  I do not bel ieve that , even w ith the C02 
warming ,  this process will  be suff ic ient to raise the ice temperatur e 
near the g round ing l ine to the me lt ing point and , thus , to tr igger the 
d is integ rat ion of the ice shelf , as Stu ive r et al . ( 1981 , p .  4 0 3)  
s uggested . 

E 

��--------------------------------------, 

0 �--��--------��--------�--------� 
-30 -20 -10 0 

10 -m TEMPERATURE •c 

P igure 2 . Ten-meter temperature ( sol id l ine ) ve r sus e levat ion at 
lat itude 77°N in west Greenland (adapted f rom Robin e t al . 1969) . Th e 
b roken l ine shows what the relat ion would be for temperatures be low 
-2o •c i f  ther e  were no sur face me lting .  

( 1978)  
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TEM PERAT U RE • c TEMPERAT U R E  •c 
Figure 3 .  Frequency d i str ibut ions of  a i r  temperatures about -6• c a t  
( a )  Maudhe im for 1 9 50-19 51 ( broken l ine ) and 1951-1952 ( sol id l ine ) and 
(b)  Little Ame r ica fo r 1 9 56-19 5 7  ( broken l ine )  and 19 58-1958  (solid 
l ine ) . 

PREDICTION OP MELT FROM METEOROLOGICAL AND ENERGY-BUDGET DATA 

Because meteorolog ical and energy-budget data are bas ic requ i r ements 
for any pred ict ion of me lt , I now r ev iew some data from ice shelves . 
Yea r -round meteorolog ica l  obse rvat ions wer e  made at Maudhe im for 2 
year s ,  at SANAE and Norway Stat ion ( about 2 5  km from SANAE) for several 
yea r s , and at Little Amer ica for 4 year s .  In add i t ion , the r e ar e 
s ummer observat ions from about 10 stat ions on the Ross Ice She lf .  

Figure 3 shows f requency distr ibut ions of a i r  temperatures above 
- 6 •c for 2 years at Maudhe im and Little Ame r ica ( not the same year s  for 
each) . It should be noted that : 

1 .  Var iations f rom year to year are large . At Little Amer ica , air  
tempe r atur e  was above f ree z ing for  0 , 4 ,  2 2 , and 137 hou r s  in the 4 
years of record . 

2 .  Tempe ratures at Maudhe im exceeded o • c  for only 18 hour s in the 
2 yea r s . Ther e  was very l ittle melting , as the strat igr aph ic record 
( see Table 2 ) shows . 

3 .  Tempe ratures exceed -4°C much more often than they exceed o • c. 
For example , temperatures we re -4 °C or above for 1564 hour s in  the 2 
year s at Maudhe im . At Little Amer ica , tempe r atures we re -4°C or above 
fo r 1448  hou r s  but wer e  above o • c  for only 1 4 9  hour s .  These data 
suggest that i f  the mean summe r tempe ratures were to r ise by 4 K ,  as 
Manabe and Stou f fe r  ( 1980)  have pred icted w i l l  happen at lat itude ao • s  
w ith a n  atmospher ic concentrat ion o f  C02 , that is , 4 t imes g reater 
than at present , the amount of sur face me lt ing on the ice shelves would 
i ncrease substant ially . This  argument rests on the quest ionable 
assumpt ion that the frequency d i str ibut ion of tempe rature would be 
unchanged . 
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Table 4 .  Times When Air Te�rature at Little 
Amer ica was > 0 °C 

Date 

17 December 1934 
2 2  December 
29 December 

2 January 1935  
2 7  January 
2 8 January 

20 January 

31  January 

Hours  

1 100-1600 
1 100-1900 
1500 
1 200 
0700-120 0 
0 700-1300 
2200-2400  
0100-060 0 
0 800-1 4 0 0  
1100-1 400  

Table 4 shows a most impor tant feature of the me lt season . It is  
d iscontinuous , the a i r  temperatur e neve r stays above o • c  for more than 
a few hour s at a t ime .  Thus , the sur face i s  me lted and f rozen 
repeatedly .  

The most deta iled sur face energy budget measurements on an ice 
she l f  are those of Li ljequist ( 19 5 7 )  at Maudhe im . Table 5 shows the 
mean energy ba lance for the whole of December , except for pe r iods when 
the a i r  temperatur e  was > O • c .  The ene rgy budget d id not vary much 
w ith temperatur e  be low o • c ,  nor was there a g reat d i f ference between 
c lear -calm and cloudy-windy cond it ions . However , o • c  is an impor tant 
t hreshold , not only because melting star ts , but also because the 
sur face ene rgy budget changes . There are two reasons for th is change : 
( a )  the albedo of me lting snow i s  0 . 6 compared with 0 . 82 for fresh 

snow , so the amount of solar rad iat ion absorbed is  doubled when the 
sur face starts to melt J and (b)  the turbulent heat transfer to the 
sur face depends on the temper ature grad ient above it , which increase s 
w ith a i r  temperature because the sur face temperature cannot r ise above 
o • c .  There was hardly any melt ing in e i the r of the year s when Maudhe im 
was occupied , so there are no measurements of the energy budget under 
me lting cond it ions . Instead , Li lj equ ist calculated it  by assuming that 
( a )  the incoming solar r ad iat ion was as measured , but the sur face 

albedo was 0 . 6 J  (b)  the net long-wave rad iat ion was unchanged J and (c ) 
the turbu lent transfer term had a value measured under s imilar 
cond it ions in  Svalbard . Table 5 shows the resu lt . When the ai r 
tempe rature r ises to 4 ° C ,  the sur face r ece ives 8 times as much energy 
as i t  does unde r freez ing cond i t ions . Lil j equist concluded , • In order 
to get a not iceable thinn ing out of the Antarctic inland ice and ice 
she lves , the air tempe rature in the summe r must exceed o • c ,  i . e . , ther e 
must be a rad ical change in the atmospher ic c irculation , at least in 
the summer . •  
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Table s .  Maudhe im : December Ene rgy Balance 

Measured : Actual Weathe r Cond i t ions with Ta ir  < 0 ° C  --

Absorbed shortwave 
Net longwave 
Turbulent 
Energy to sur face 

Est imated for Ta i r  • +4° C  

Absor bed shor twave 
Net longwave 
Turbulent 
Energy to sur face 

From Li ljequist ( 1957) . 

+6 2 
-49 

+7 
+20 

+140 
-4 9 
+73 

+16 3 

I do not be lieve that the amount of melting on Antarct ic ice 
shelves can be pred icted by any s imple method such as a cor relation 
w ith mean summe r  temperature or deg ree-hours above free z ing .  The melt 
season cons ists of a numbe r of shor t per iods spread ove r 2 or 3 
months . The refore , the sur face has to be melted r epeatedly , and summer 
snowfalls , by increas ing the sur face albedo , reduce the amount of heat 
ava i lable for melt ing when the a ir temperature r ises above f reez ing 
aga in . Thus a g iven amount of heat suppl ied in a ser ies of shor t 
per iods produces much less me lt ing than would the same amount suppl ied 
in one per iod of the same total length . For thi s  reason I think that 
Young ' s  ( 1981)  estimate of a surface me lt rate of 0 . 18 m/a for a s • c  

warming i s  much too h igh . The minimum informat ion for pred icting 
sur face melt is the following : 

1 . Number and duration of  per iods when a i r  temperature i s  above 
f reez ing J 

2 . Air temperature and wind speed dur ing these per iods r 
3 .  Amount o f  snowfall between melting per iods . 

I n  other words ,  meteorolog ical data are needed . The amount of melt ing 
can then be est imated by two methods : 

a .  Us ing f ie ld data to relate the amount of summer me lting to the 
re lative f requency of d i f ferent synoptic weathe r s i tuat ions , and 

b . Us ing a nume r ical mode l to calculate heat budgets throughout 
the summe r  f rom standard meteorolog ial observat ions (Vowinckel and 
Orvig 1969) . 
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Both methods have been used successfully for predicting the mass  
balance of ice caps in Arctic canada (Holmgren 197l r Alt 1978 , 1979 r 
Paterson 1981 , pp .  314-319) . 

I suggest the following approach to the problem of  predicting 
future amounts of melt ing on Antarctic ice shelves a 

1 . Find out what synoptic s ituations produce a i r  temperatures 
above f reez ing at coastal stat ions . 

2 .  Try to relate the amount of melt ing in a given year , as 
determined by stratig raphic stud ies on the ice shelf , to f requency and 
durat ion of favorable synoptic situations . Existing data from Pimbul 
Ice She l f  (SANAE and Norway Stations )  or Brunt Ice Shelf  (Halley Bay ) 
�ay be adequate . If  not , new stratigraphic studies will be necessary . 

3 .  Use an atmosphe r ic general c irculation model to predict how 
i ncreased concentrat ions of atmospher ic C02 will change the f requency 
of synoptic s ituat ions that favor me lt ing . 

4 .  Use the relat ion e stablished in i tem 2 to pred ict the resulting 
amount of me lting .  

In the following sect ion , I use existing data to g ive a rough 
est imate of the e ffects of oo 2-induced warming on the Ross Ice She lf . 

POSS IBLE EFFECTS OP C02-INDUCED WARMING ON ROSS ICE SHELF 

Gates ( 1 980)  has r ev iewed pred ictions of c�- induced warming . 
Pred icted increases in g lobally averaged annua l sur face ai r 
temperature , r esulting f rom a doubling of the present atmospher ic C02 
concentrat ion , range f rom 0 . 7 5  to 4 K , with a mean of about 2 K ,  wh ich 
Gates r egards as the best est imate . Most models pred ict greatest 
warming at the poles and least at the equator . However , the warming a t  
the poles is g reater in the nor th than in  the south and g r eater i n  
winte r than summe r . One of the most deta iled stud ies pred icts that 
with four t imes the present 002 concentrat ion , the mean annual 
temperature would increase by 5 K, and the mean summer temperature by 4 
K ,  at the lat itude and longt itude of the Ross Ice Shelf ( see Manabe and 
Stou f fe r  1980 , Figure 2 3 ) . I use these est imates in the following 
discuss ion . 

Present 10-m temperatures over about 7 5 percent of the Ross Ice 
She l f  are between -26°  and -28°C,  with max imum values of -23°C near the 
ice f ront and a long the base of the Transantarctic Mountains ( Thomas et 
al . in press) . These should be approximate ly equal to the mean annua l 
a ir temperature because melt ing is negl ig ible . A �-induced 
inc rease of 5 K w i l l  increase the 10-m temperatures by the same amount , 
or more i f  there i s  s ignif icant melt ing . Because there is some me lting 
in most yea r s  at Maudhe im ( 1 0-m temper ature of -l 8°C) , I be l ieve that 
C� -induced warming w i l l  cause me lt ing on the warme r  par ts of the 
Ross Ice She lf .  The data rev iewed her e  suggest that the 1 0-m 
temperature may then be between 2 and 5 K warmer than the mean annua l 
a ir temperature , which suggests that , a fter a quadrupl ing of the 
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atmospher ic 00 2 concentration , the max imum 1 0-m temperature in the 
Ross Ice Shel f  would be between -1 3 °  and -l6°C,  and the minimum would 
be about -2 3°C.  I ,  therefore , d i sag ree with the suggest ion of Merce r 
( 1978 ) that , w ith inc reased 002 , r e f r eez ing me ltwater in f ir n  would 
r a ise the temperature to the melting po int and cause the ice shel f  to 
d i s integrate . 

I f  C� -induced melting on the ROss Ice She lf were suf f ic ient to 
me lt the whole of each annual layer , the sur face would consist of ice , 
me ltwate r pools could form , and some of the water might drain off the 
shelf , reduc ing its mass balance . Howeve r ,  f rom compar ison with the 
present situation at Maudhe im , wher e  an aver age of only 5 percent o f  
e ach annual layer is me lted ( Table 2 ) ,  I think that this is unl ikely .  
Thus , 002-induced warming w i l l  not cause any ablat ion from the 
�ur face J indeed , the sur face mass balance wi l l  probably increase 
because of inc reased snowfall . Manabe and Stouffer ( 1980 , Figure 2 4) , 
for example , pred icted that , with 4 t imes the present concentrat ion of 
C02 , prec ipitat ion at latitude 8 0 ° S  w i l l  be about 1 0 percent greate r 
than at present . (Note , however ,  that the ir  model pred icts a present 
prec ipitat ion r ate of 0 . 55 m/a ,  wh ich is about double the actual 
value . )  On the othe r hand , 002 -induced warming w i l l  probably result 
i n  increased melt ing at the base of the ice she l f . Basal melting 
depends on wate r c i rculat ion unde r the ice she l f  and is d i f f icult to 
pred ict . It is outs ide the scope of this rev iew . 

Sur face warming will  eventually increase the temperature of the 
bulk of the ice and , thus , inc rease its spread ing r ate . Heat transfer 
by conduction and downward advect ion of ice is slow , however J Young 
( 1981)  ca lculated that a new steady state strain r ate was not 

e stablished unt i l  1 , 000 year s  afte r  the tempe r ature change .  Moreover , 
basal me lting would r educe the mean tempe r ature of  the ice she l f , which 
would dec rease the spread ing rate ( Thomas and MacAyea l  1982) . 

TO summar i ze ,  I be l ieve that a concentrat ion of atmospher ic 002 
of 4 t imes the present value will  have the following ef fects on the 
ROSS Ice She l f : 

1 .  The sur face mass balance w i l l  increase s l ightly because of  
increased prec ipitat ion . 

2 . Although there w i l l  be s igni f icant sur face melt ing near the 
edges , it  will not result in any ablat ion . 

3 .  The basal mass balance will dec rease because of increased basal 
me lt ing . 

4 .  sur face warming will  tend , in t ime ,  to inc rease the mean 
temperature of the ice she l f  and , thus , the spreading rate . This 
spread ing would thin the she l f . 

5 .  Increased basa l me lt ing w i l l  remove more of the warmest ice , 
wh ich w i l l  decrease the mean tempe rature and the spreading rate and 
tend to th icken the she lf , thus counteract ing the e f fect of sur face 
warming . 

TO e stimate the re lative importance of these e f fects and whether 
the ice shel f  will grow th icker or th inne r requ ires a numer ical mode l 
t hat treats ice f low and heat trans fer s imultaneously .  Assumpt ions 
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will have to be made about basal melt rates . Pater son ( in press ) has 
proposed such a model . 

Although , on the basis of the meager data available at present , I 
disagree with the opinions of Merce r  ( 1978)  and Stuiver et al . ( 1981 ) 
that the predicted amount of 002-induced warming will be enough to 
cause the west Antarctic Ice Sheet to d i s integrate , I am convinced by 
Merce r ' s  argument (Mercer 1968a , 1981)  that i t  d id so at the he ight of 
the last interg lac ial (mar ine substage Se ) . wor ld sea level at that 
t ime was 5 m above the present level , the only t ime it has been so in 
the past 700 , 000 year s .  Of the poss ible sources of this water , West 
Antarct ica , Greenland , or par t  of Bast Antarct ica , I bel ieve that Wes t  
Antarc t ica is by far the most l i kely .  Th i s  theory suggests that 
temperatures in the south polar reg ion at that t ime were h igher than 
those pred icted for a concentrat ion of atmospher ic 002 4 t imes the 
present one . Lake sediments and inactive sol i f luct ion f lows beside 
Reedy Glac ier , which dra ins into the ROss Ice Shelf , suggest 
inte rg lac ial temperatures of f rom 6 to 10 K above those at present 
(Mercer 1 968b) . Oxygen-isotope analys is of the ice core from Vostok , 

Bast Antarct ica , should provide another est imate . 
I have outlined here one poss ible way of estimating future melting 

and its e ffect on the West Antarc t ic Ice Sheet . The problem needs a 
g reat deal of fur ther study , using a wide range of approaches .  Bentlev 
(198 2 ) has recently produced an excellent summary of what needs to be 

done . 

This paper is a contr ibution to the Coope rat ive Inst itute for Research 
in Env i ronmental Sc iences/Environmental Research Laboratory Ice Shee t 
Mode ling Program ,  Univers ity of Colorado . 
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A'lMOSPBBRIC GENERAL CIRCULATION MODEL SIMULATIONS 
OP THE MODERN ANTARC"riC CLIMATE 

INTRODUCTION 

Michael E .  Schles inger 

Depar tment of Atmospher ic Sc iences and 
Cl imate Research Inst itute 

Oregon State Unive r s ity , Corvall i s  

General c i rculat ion mode ls o f  the atmosphere (atmospher ic GCMs o r  
AGCMs ) dete rmine the sur face pressure and the ver t ical distr ibut ions o f  
veloc i ty ,  temperature , dens ity , and water vapor a s  a function o f  t ime 
and geographical locat ion from the mass conservation law and 
hydrostat ic approx imat ion , Newton ' s  second law of mot ion , the f ir st law 
of the rmodynamics ,  the equat ion of state , and the conservation law for 
wate r vapor . AGCMs also pred ict the temperature of the earth ' s  
nonwate r sur faces , the wate r in soi l ,  the mass of snow on the sur face , 
and the c loud iness . 

The governing equat ions of AGCMs are nonl inear , par tial 
d i f fe rential equat ions whose solution cannot be obta ined except by 
numer ical mathematical methods on the most rapid compute r s .  These 
nume r ical methods subd ivide the atmosphere ver t ical ly into disc rete 
laye r s ,  where in the var iables are •ca r r ied • and computed . fOr each 
laye r the hor izontal var iat ions of the pred icted quanti t ies are 
determined e ither at d i screte g r id po ints over the ear th , as in the 
gr id po int ( f inite d i fference ) mode ls , or by a f inite number of 
p resc r ibed mathematical func t ions , as in the spectral models . The 
values of the pred icted var iables for each laye r ( including the 
sur face ) and g r id po int (or mathemat ical funct ion) are determined f rom 
the governing equations by •marching • ( integrating )  forward in t ime in 
d iscrete steps starting f rom some g iven initia l  cond i t ions . 

The spatial resolut ion of AGCMs i s  constrained for pract ica l 
r easons by the speed and memory capac ity of the compute r  used to 
per form the numer ica l integrat ions . Increasing the resolut ion not only 
increases the memory requ i red ( l inear ly for ve r t ical resolution and 
quadrat ical ly for hor i zonta l resolut ion ) but also frequently requ i res a 
r educt ion in the integrat ion t ime step . Consequently , the computer 
t ime required inc reases rapidly (nonlinear ly ) with increasing 
r esolution . Contemporary GCMs have f rom 2 to about 1 5  ve r t ical layers , 
a hor izontal resolut ion of a few hundred k i lomete r s , and a t ime step 
r ang ing from 5 to 40 minute s .  These models requ ire f rom one-nal f  
minute to several minutes to s imulate one day o n  a f ifth-generation 
computer such as the CRAY l and CYBER 2 0 5 .  

1 5 5  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

E n v i r o n m e n t  o f  W e s t  A n t a r c t i c a ,  P o t e n t i a l  C O 2 - I n d u c e d  C h a n g e s :   R e p o r t  o f  a  W o r k s h o p  H e l d  i n  M a d i s o n ,  W i s c o n s i n ,  5 - 7  J u l y  1 9 8 3
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 1 9

http://www.nap.edu/catalog.php?record_id=19419


1 5 6  

Because of the i r  l imited spatial resolut ion , AGCMs d o  no t  resolve 
s everal phys ical processes impor tant in pred ict ing c l imate . Howeve r , 
the e f fects of these subgr id-scale processe s  on the scales resolved by 
the AGCM are incorporated in the mode l by r e lat ing them to the 
resolved-scale var iable s themse lves . Such a relat ion is called a 
parameter izat ion and is  based on both observat ional and theoret ical 
stud ies . 

To va l idate an atmospher ic GCM, i t  is  possible to t reat the sea 
sur face temperature ( SST) and sea-ice th ickness as g iven boundary 
cond i t ions rather than as pred icted var iables of the c l imate systea . 
Then , s ince it i s  the abi l i ty of  the AGCMs to s imulate c limatic change 
that is  of inte rest , and s ince the seasons are the best-documented 
c l imat ic changes ,  the seasonal per formance of the models can be 
e valuated f rom a s imulat ion in wh ich the SST and sea-ice d istr i but ions 
are taken equa l to the i r  observed va lues . Th i s  has been done most 
f requently by s imulat ing s ing le winte r and summe r months , usual ly July 
and January (with reference to the Souther n  Hemisphere) , and compar ing 
the s imulated atmosphe r ic var iables w i th the i r  obse rved counte rpa r ts .  
The seasona l per formance o f  seve r a l  mode ls has also been determined 
f rom extended integ rat ions ove r more than one annual cyc le ,  wherein the 
SST and sea-ice d istr ibut ions are pre sc r ibed to repeat the i r  observed 
annual cyc les . 

Th is  pape r presents the moder n  summer and winte r  c l imates in and 
around Antarct ica s imulated by s ix contemporary g lobal AGCMs shown in 
Table 1 .  Th is table a lso shows for each mode l the numbe r of ver t ical 
laye r s , pressure a t  the top of the mode l atmosphere , representat ion 
(gr id po int or spectral)  of the hor izontal var iat ion of the dependent 

va r iables , hor i zonta l resolut ion , the source for the prescr ibed SST and 
sea ice , and the numbe r and identity of the months that were used to 
form the summe r  and winter ave rage c l imate s shown in the f igure s that 
follow . An example of the presc r ibed sur face boundary condit ions is 
shown in Figure 1 in terms of the sur face e levat ion of the OSU mode l 
( Ghan et a l .  1982 ) and that mode l ' s  presc r ibed January and July SST and 
sea-ice extent . In Figure 1 the lowest lat i tude i s  J o • s , and the 
g eog r aphy is that shown by Talj aard et a l .  ( 1969) . The spat ial 
resolut ion of th i s  geog raphy i s  muc h f ine r than that of the mode l s 
( Table 1 ) . 

S IMULATED CLIMATE 

The c limate s imulated by the AGCMs l i sted in Table 1 is presented here 
in terms of the sur face a i r  temperature , sea-leve l pressure , and 
p rec ipitation rate . The geog r aph ical d i str ibut ions of these quant it ies 
are presented on the polar project ion of Figure 1 for both the 
s imulat ions and the observations . Results are also presented from the 
predecessor s of the mode l s  l isted in Table 1 for the zonal mean 
prec ipi tat ion rate and sea-leve l pressure and for the geog raphical 
locat ions of  cyc logene s i s  and the tracks of cyc lone s . 
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Figure l .  The obse rved January and July sea sur face temperatures and 
sea-ice extent ( hatched area) based on data of Alexander and Mobley 
( 1976) , and the sur face elevat ion ( in mete r s )  for the OSU mode l .  ( Prom 
Ghan et al . 198 2 . )  

Sur face Ai r �mperature 

The summer and winter sur face air temperatures s imulated by the AGCMs 
are shown in Figures 2 and 3 ,  respect ively , together with the 
cor respond ing obse rved sur face a i r  temperatures . The latte r  are based 
on the data of Taljaard et al . ( 1969) , as avai lable f rom the Nat ional 
Cente r for Atmosphe r ic Research (NCAR) arch ive ( Jenne 1 9 7 5 )  and 
inte rpolated onto the 4° x 5° latitude-long itude g r id of the OSU mode l 
( Ghan e t  a l .  198 2) .  

Summe r : The summer sur face a i r  temperatures presented in Figure 2 
are the obse rved January temperatures and the January tempe ratures 
s imu lated by the GFDL, GISS , NCAR, and osu mode ls . ror the GLAS model 
the s imulated Februa ry temperature is  shown .  ( The sur face a i r  
temperature for the UCLA mode l was not ava i lable . )  

In the subtropics , near Jo • s ,  the observed a i r  temperatures ove r 
t he oceans , as the SST& themse lves ( Figure 1 ) ,  are warme r than 20°C 
eve rywhe re except in the easter n  reg ions of the south Pac i f ic ,  SOuth 
Atlant ic , and Ind ian oceans . Each of the mode ls s imulates this 
reasonably we ll . 

The obse rved a ir temperatures over south Amer ica and Austral ia are 
warme r than those ove r the ocean at the same lat itude , with 
temperatures greater than 2 5 ° C  near J O • s .  Th is land-sea temperature 
contrast i s  s imulated well by the GFDL and GLAS mode ls and reasonably 
we ll by the OSU mode l .  The GFDL, GLAS , and OSU models s imulate a i r  
tempe ratures warme r than those observed , and the GISS and NCAR model s 
s imulate temperatures colder than those observed , over SOuth Amer ica , 
Afr ica , and Australia . 
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Figur e  2 . The observed and s imu lated Southern Hemisphe re sur face a i r  
temperatures ( °C) for summe r . The mean January observed temperature 
and the mean January temperatures s imulated by the GFDL, GISS , NCAR, 
and OSU mode ls are presented . The s imulated mean February temperatur e  
is  shown f o r  the G LAS  model .  The observed data are based on Talj aard 
et a l .  ( 1969)  as ava i lable f rom the NCAR arch ive ( Jenne 1975) . 

The observed temperatures dec rease with increas ing southern 
latitude , with the a i r  temperatures over the ocean c lose ly following 
the SST& ( Figure 1) . Each of the mode ls s imulates thi s  reasonably 
wel l .  In the r eg ion from 30 ° S  lat itude to the pos it ion of the o • c  

isotherm , the mar it ime a i r  temperatures simu lated by the GISS , GLAS , 
and OSU mode ls are colde r than those observed . The temperatures 
s imulated by the GFDL mode l are colde r than those obse rved in the 
eastern South Pac i f ic and Ind ian oceans and warme r than those observed 
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Figure 2 . (cont inued ) 

i n  the central South Atlant ic and weste rn south Pac if ic oceans . The 
tempe ratures s imulated by the NCAR mode l are colde r than those observed 
i n  the easte rn and weste rn South Pac i f ic and central Ind ian oceans and 
warme r than those observed in the eastern Ind ian and south Atlant ic 
oceans . 

The observed 0°C sur face a i r  tempe r ature isotherm i s  located ove r 
the ocean generally on or poleward of  the 0 ° C  SST isotherm and 
equatorward of the observed sea-ice marg in ( Figure 1) . The GISS and 
NCAR models s imu late the pos it ion of  the 0 ° C  a i r  temperature i sotherm 
r easonably we l l ,  although the GISS mode l s imulates the 0°C i sotherm 
equatorward of its observed pos ition nea r  0 °  long itude , and the NCAR 
model ,  near 180° . The GLAS mode l s imulates the 0 °C a i r  temperature 
i sotherm equatorward of its observed pos i t ion . ( The 0° C SST isotherm 
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Figure 3. The observed and s imulated Southe rn Hemispher e  sur face a i r  
temper atures { °C) for winter . The mean July observed temperature and 
the mean July temperatures s imulated by each mode l are presented . The 
o bserved data are based on Taljaard et a l .  ( 1969)  as ava i lable f rom the 
NCAR archive (Jenne 1975) . 

for February , the month s imu lated by the GLAS mode l ,  is located on or 
slightly poleward of the obse rved January SST 0 ° C  isotherm. ) The GPDL 
and osu models s imulate the 0 ° C  isotherm cons ide rably poleward of its 
observed posit ion , part icula r ly in the Weddell and Ross seas . All of 
the mode ls s imulate the a i r  temperatures over the sea ice adjoining 
West Antarc t ica warme r than the observed temperatures . The GPDL, GISS , 
and osu mode ls a lso s imu late the a i r  tempe ratures ove r the ocean 
adjoining East Antarct ica warmer than the obse rved temperatures . 
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Figure 3 .  (continued ) 

The observed a i r  temperatures have a minimum value of  less than 
-30°C ove r the h igh-elevat ion inter ior of East Antarct ica , with cold 
a ir following the topog raph ic contour s  ( Figure 1 )  toward the coasts 
near  0° and 1 S 0 ° E  and into west Antarct ica . Each of  the mode ls 
s imu lates the coldest a i r  ove r East Antarctica J however ,  the coldest 
temperatures are s imulated soc ( GFDL, NCAR) and l 0 ° C  ( GISS , GLAS , OSU ) 
warme r  and less extens ive than those observed . The warm a i r  r idge near 
7 0 ° E  is  s imulated by the GISS , GLAS , and OSU (g r id po int ) models but 
not by the GFDL and NCAR ( spectral)  mode ls . 

The observed a i r  temperatures over west Antarct ica dec rease f rom 
- S°C and -l0 ° C  on the coast to -2 S°C near the South Pole . Each of the 
models s imu lates thi s  poleward temperature dec rease J however , the 
tempe ratures are warme r  than those observed by up to S ° C  ( GISS , GLAS , 
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NCAR) and l0°C ( GFDL, OSU) on the coast and by l0°C at the South Pole 
( all models) .  

These results show that the e r ror s in the su r face a i r  temperatures 
simulated by the models for Southe rn Hemisphe r e  summe r  are both 
pos it ive and negat ive ove r the southern oceans and low-latitude 
cont inents , posit ive ove r the Antarctic sea ice , par t icular ly around 
West Antarct ica , and positive ove r both East and west Antarct ica . The 
magn itude of the e r ro r s  is  generally less than about 3°C ove r the 
sou the rn oceans , less than about S ° C  over the low-lat itude cont inents , 
f rom S ° C  to l 0 ° C  ove r sea ice , and l 0 ° C  ove r Antarct ica . 

W inter : The w inter sur face a i r  temperatures presented in Figure 3 
are the observed July tempe r atures and the July temperatures s imulated 
by each model . (The sur face a i r  temperature for the UCLA mode l  was not 
avai lable . )  

In the subtropics , near 3 0 ° S , the obse rved a i r  temperatures over 
the oceans are warme r than l S ° C  everywher e  except in the eastern 
r eg ions of the South Pac i f ic and South Atlant ic oceans . Th is is 
s imilar  to the obse rved SST d istr ibut ion ( Figure 1) nea r 30°S  
everywhere except o f f  the west coast of  Af r ica , where SSTs warme r  than 
l S ° C  are found . All of the models simu late the obse rved colde r a i r  
temperatures o f f  the west coasts of South Amer ica and Afr ica reasonably 
well f however , the s imulated mar it ime a i r  temperatures are gene rally 
colder than those observed . 

The observed a i r  temperatures over south Ame r ica , Af r ica , and 
Australia are colde r than those ove r the ocean at the same lat itude , 
w ith tempe ratures less than l S ° C  near 3 0 ° S .  This land-sea temper ature 
contrast i s  s imulated reasonably wel l  by a l l  the mode ls . Each of the 
models s imu lates temperatures colder than those obse rved in  South 
Amer ica , and the GFDL and OSU mode ls also s imu late colder than obse rved 
tempe ratures in Afr ica . The GISS , GLAS , and NCAR models s imulate 
warme r than obse rved temperatures in Afr ica and colde r than observed 
temperatures in Austral ia . 

The observed a i r  tempe ratures decrease with increas ing southern 
lat itude and c losely follow the SSTs ( Figur e  1 ) ove r the ocean . Th i s  
i s  s imu lated wel l  by each o f  the mode ls . However ,  in the r eg ion f rom 
30°S  lat itude to the pos ition of  the 0 ° C  isotherm , the a i r temperature s 
s imulated by all the mode ls are colder than those obse rved . 

The observed 0 ° C  temperatur e  isothe rm is located over the ocean 
equatorward of the observed 0 ° C  SST isotherm, wh ich itse l f  is  located 
equatorward of the observed sea-ice marg in ( Figure 1 ) . Each of the 
models s imu lates the pos i t ion of the 0 ° C  a i r  temper ature i sothe rm 
reasonably well . The GLAS , NCAR, and osu models s imulate the o o c  

i sotherm somewhat polewa rd of  i ts observed pos ition between 1 20°E and 
1S0°E.  The GFDL model s imulates the 0 ° C  isothe rm generally equatorward 
o f  i ts observed position , as does the GLAS mode l f rom 30°W to 30°E,  and 
the OSU mode l ove r Patagonia and extend ing southwest f rom South 
Amer ica . The GLAS and OSU mode ls s imulate a large temper ature g r ad ient 
near the sea-ice marg in .  Such an intens i f ied g r ad ient is not as 
evident in the GFDL, GISS , and NCAR s imulat ions or  in the observat ions.  
Eac h of the mode ls except the GLAS s imu lates the a i r temperatures ove r 
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the sea ice border ing East Antarct ica colder than the obser ved 
tempe r atures . The GISS and GLAS mode ls s imulate tempe r atures colder 
than those obser ved ove r the sea ice around West Antarct ica J the GPDL 
and OSU mode ls s imulate tempe ratures there warme r  than those observed . 

The obse rved a i r  temperatures have a minimum value of  less than 
- 6 S°C ove r the high-e levation inte r ior of East Antarct ica , w ith cold 
a i r  following the topog r aph ic contou r s  ( Figure 1 )  toward the coasts 
near 0 °  and 1 S 0 ° E ,  and into West Antarct ica . Each of  the models 
s imulates the coldest a i r  ove r East Antarct ica J nowever , the coldes t 
temper atures are s imulated from S ° C  ( GFDL, GISS ) to l S 0 -20°C (NCAR, 
GLAS , OSU) warme r  than the observed tempe ratures .  The warm air  r idge 
near 7 0 ° E  i s  s imulated by the GISS , GLAS ,  and osu (g r id po int ) models 
but not by the GFDL and NCAR ( spectral)  models . 

The observed a i r  temperatures ove r west Antarct ica decrease f rom 
-20 ° C  and - 2 S ° C  on the coast to -SS°C  nea r the South Pole . Each of the 
mode ls s imulates the coastal tempe ratures and poleward tempe rature 
dec rease reasonably we ll . The NCAR and OSU models g ive results abou t 
1 S °C warmer than the observed tempe ratures near the South Pole , and the 
GLAS model , abou t 20°C warmer . 

The r esults presented above show that the e r ror s in the sur face air  
tempe ratures s imulated by the models for  Southe r n  Hemispher e  winter are 
negat ive over the southe rn oceans , both posit ive and negat ive ove r the 
low-lat itude continents and Antarct ic sea ice , and posit ive ove r both 
East and West Antarct ica . The magn i tude of the e r ro r s  i s  generally 
less than about 3 ° C  over the southe r n  oceans and low-latitude 
cont inents , f rom S ° C  to l 0 ° C  over sea ice , and l S ° C  over Antarc t ica . 

Sea-Leve l Pressure 

By de f in i t ion , the sea-leve l pressure over the ocean and land at sea 
leve l is s imply the measured sur face barometr ic pressure for the 
observations and the analogous quant ity for the s imulat ions . Because 
of the hydrostat ic balance between the changes in the ver t ical of 
p ressure and the we ight of atmosphe re per unit hor izontal area , the 
sea-leve l pressure ove r the ocean and land at sea leve l equals the 
we ight per unit hor i zontal area of the ent ire  atmosphere above . 
Howeve r ,  ove r land above sea leve l ,  the sea-leve l pressure i s  a 
f ic t i t ious quant ity obta ined as the sum of the observed or s imulated 
sur face barometr ic pressure and the we ight per un it hor i zonta l area o f 
a n  imag inary atmosphe re between sea leve l and the altitude of the 
sur face .  Thi s  • r educ t ion • of the sur face pressure to sea level i s  done 
to compensate for the d i ffer ing e levat ions of land and thereby to 
fac i l i tate compar ison of the press�re data . However , such a reduction 
r equ ires an assumpt ion about the tempe r ature prof i le in the imag inary 
atmosphe re between the sur face and sea level . Although there are 
s tandard procedures for reduc ing the observed sur face pressure to sea 
leve l (Wor ld Meteorolog ical Organ i zation 1968) , somewhat d i f ferent 
procedu res are used to obta in the s imu lated sea-leve l pressures . In 
v iew of the h igh elevat ion of most of Antarc t ica ( Figure 1 ) , 
d iffe rences between the s imulated and observed sea-leve l pressures 
the re shou ld be inte rpreted w i th caut ion . 
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Because of the near geostroph ic balance between the hor izonta l 
var iat ion of pressure and turning (Oor iol is)  force on a i r  in mot ion , 
wh ich results f rom the earth ' s  rotat ion , the sea-level pressure 
d istr ibut ion can be used to infer the sur face wind d irec t ion and speed , 
at least ove r the ocean and low-elevat ion land . In the Southe rn 
Hemi sphe re this geostroph ic w ind f lows along the isobars in a c lockwise 
d i rect ion around a cente r of low pressure and in a counterclockwise 
d irect ion around a h igh-pressure cente r . ( Because of f r ict ion , the 
actua l wind near the sur face would f low somewhat ac ross the i sobar s 
f rom h igh to low pressure . )  The speed of the geostroph ic wind is  
inver sely proport ional to the spac ing of  the i sobar s .  These relat ion s 
w ill be used in the following sect ions to descr ibe the sur face 
geostroph ic w ind . FOr conven ience , th is  will  s imply be called the 
sur face wind .  The summer and w inter sea-leve l pressures s imu lated by 
the AGCMs are presented in Figures 4 and 5 ,  respect ively , togethe r with 
the cor respond ing observed sea-leve l pressures . The observed f ie lds 
are based on the data of Ta ljaard et al . ( 1969)  as tabulated by Schut z 
and Gates ( 1971)  on the 4 °  x 5 °  lat itude-long itude g r id of the OSU 
model . 

Summer : The summer sea-leve l pressures presented in Figure 4 are 
the observed January pressures and the January pressures s imulated by 
the GFDL, GISS , NCAR, OSU , and UCLA models . FOr the GLAS mode l ,  the 
s imulated Febur ary sea-leve l pressure is shown . 

1 .  Observed . At 30 ° S  lat itude the sea-level pressure is  max imum 
in the subtropical h ighs that are located ove r the eastern South 
Pac i f ic Ocean , the eastern south Atlant ic Ocean , and the central Ind ian 
Ocean . The pressures ove r South Ame r ica , Afr ica , and Australia are 
less than the pressures over the ne ighbor ing oceans . As a result of  
this sea-leve l pressure d istr ibut ion , the su r face w inds have a wester ly 
( f rom the west)  component eve rywhere to the south of  the maximum 
subtrop ica l pressure or subtropical r idge ( STR) and an easter ly 
component to the north . The sur face w inds have a souther ly component 
along the west coasts of south Amer ica , Af r ica , and Austr a l ia and a 
northe r ly component a long the east coasts of these cont inents . 

The sea-leve l pressure decreases w ith inc reasing southern lat i tude 
to about 6 2° S  around East Antarct ica and to 7 0 ° S  around West 
Antarct ica . Be tween this min imum subpolar pressure or subpolar troug h 
( SPT) and the STR, the sur face w inds are weste r ly .  The max imum 

wester ly winds occu r nea r 50° S , where the sea-leve l pressure g r ad ient 
is largest . Sea-leve l pressure minima of 988  mb are located around 
west Antarct ica near the Be l l ingshausen and Ross seas ; m i n ima of 9 8 4 mb 
a re found a round East Antarct ica near 2 0 ° E  and 1 0 0 ° E .  

Th e  sea-leve l pressure increase s  poleward of the S PT .  A sea-leve l 
p ressure h igh i s  s ituated over East Antarct ica with a pattern that 
generally follows the topograph ic contour s  ( Figur e 1 ) . The reve r sal i n  
the pressure g radient at the SPT results in a reve r sa l  i n  the d i rect ion 
of the sur face geostrophic wind .  Winds with a n  easte r ly component a r e  
found everywhere along the coast of Antarct ica . 
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Pigure 4 .  The observed and s imulated southern Hemi spher e  sea-leve l 
p ressures (mb) for summer . The mean January observed sea-level 
pressure and the mean January sea-leve l pressures s imulated by the 
GFDL, GISS , NCAR, osu , and UCLA models are presented . The s imulated 
mean February pressure is shown for the GLAS model . The observed data 
a re based on Taljaard e t  a l .  ( 1969)  as tabulated by SChutz and Gates 
( 1971) . 

2 .  GFDL Model . The mar it ime posit ions of the subtropical h ighs are 
s imulated reasonably well , but the intens i t ie s  of the h ighs are 
underestimated by about 5 mb over the South Pac i f ic and South Atlantic 
oceans . The minimum pressures observea ove r South Amer ica , Afr ica , and 
Austral ia are also s imulated reasonably well , as are the location of  
the STR where the winds change from easter l ies to wester l ie s r the 
souther l ies along the we st coasts of south Ame r ica , Af r ica , and 
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Figure 4 .  (cont inued ) 

Australia J and the nor the r l ies along the east coasts of these 
cont inents . 

The s imulated sea-leve l pressures dec rease f rom the STR to an SPT 
located at about 7 0 ° S  around West Antarct ica and ove r East Antarct ica , 
the latter in contrast to the observed mar it ime pos i t ion . The 
s imulated SPT pressure is about 10 mb h igher than the observed 
pressure . As a result of  the poleward d isplacement and underest imate 
of the SPT intens ity ,  the speeds of the s imulated midlatitude wester ly 
w inds are only about one-thi rd to one-hal f  the observed value s .  

Th e  s imulated pressure increases from the S PT  to a maximum value 
over East Antarct ica , as obse rved . However ,  the pressure max imum is 
less extensive and 10 mb higher than the observed pressur e .  Easterly 
w inds are located ove r west Antarctica and i n  the inter ior of East 
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Figure s .  The obse rved and simulated Southern Beaiaphere sea-leve l 
preaaurea (ab) for winte r . The mean July observed sea-level preaaure 

and the mean July sea-leve l preaaurea s imulated by each .odel are 
presented . The observed data are baaed on Talj aard et a l .  ( 1969)  aa 
tablulated by Schutz and Gates (1972) . 

Antarctica as observed . Yet , unlike the observat ions , westerly winds 

are found along the coast of Baat Antarctica as a result of the 

poleward d isplacement of the SPT there . 

3 .  GISS Model . The simulated subtropical highs are located about 
1 0  degrees poleward of the observed positions and are f rom 5 to 10  ab 

weake r  tban the observed highs . As a result , the simulated tropical 

e aste r ly winds extend poleward about 1 0 degrees of latitude more than 

the observed easte r lies . The s imulated pressures over South Amer ica , 
Afr ica , and Austral ia are lower than those over the ne ighbor ing oceana 
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Figure s. (continued ) 

a s  observed J however , the s imulated pressures the re are about 5 mb 
lower than the observed pressures . The observed souther ly and 
nor the r ly winds a long the west and east coasts of the cont inents , 
respec t ive ly , are s imulated reasonably we ll . 

The s imulated pressure dec reases f rom the STR to an SPT located 
near 6 5 ° S  around Antarctica . The s imulated SPT pressure i s about 10 mb 
h igher than the observed pressure . The weste r l ies s imulated between 
the STR and the SPT are weaker than the obse rved wester l ies , 
par t icular ly around West Antarct ica , where they have only one-th i rd to 
one-half the observed speeds . 

Poleward of  the SPT the s imulated sea-level pressure inc reases by I 
less than 10 mb (as evidenced by the absence of a 1010-mb i sobar ) .  The 
p ressure over Antarct ica i s  somewhat g r eater than the observed 
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pre ssur e , but in  contrast t o  the observat ions , there is  no pressure 
maximum ove r East Antarct ica . The s imulated winds around the coasts of  
West and East Antarct ica are easter ly as observed . 

4 .  GLAS Model .  The pos it ions of  the subtropical h ighs are 
s imulated reasonably wel l , as a r e  the lower pressures ove r South 
Amer ica , Af r ic a ,  and Austral ia . The intensity of the s imulated h ighs 
is  about 4 mb weake r than that observed ove r the South Pac i f ic and 
South Atlant ic oceans , and the cont inental lows are from 4 to 8 mb 
deepe r than those observed . The s imulated winds are souther ly and 
northe r ly a long the west and east coasts of the continents , 
respect ively , as are the obse rved winds . 

The s imulated pressures dec rease f rom the STR to an •sPT, • which is 
located equatorward of the obse rved pos i t ion by as much as 2 5 degrees 
of lat itude . Also , the pressure of the SPT is as much as 20 mb h igher 
than has been observed . As a result of  the equatorward d i splacement 
and weakened SPT, the lat itud inal extent and strength of the s imulated 
wester lies are much less than those observed . 

Po leward o f  the SPT the pressure increases toward Antarct ica . 
Highs are s imu lated ove r both East and West Antarctica , and the 
s imulated pressures are about 20 mb h ighe r than the observed 
pressures . Easter ly winds are found along the coasts of Antarctica as 
observed . 

5 .  NCAR Model .  The pos i t ions of the subtropical h ighs a re 
s imu lated reasonably wel l , but the i r  intens ity is overest imated by 
a bout 4 mb . The lowe r pressures over south Ame r ica , Afr ica , and 
Australia are s imulated with values from 4 to 8 mb h ighe r than the 
observed pressures . The s imu lated winds a re southe r ly and nor ther ly 
a long the west and eas t coasts of these cont inents , respect ively , in  
agreement with the observed winds . 

The s imulated sea-level pressures dec r ease f rom the STR to an SPT, 
wh ich i s  located between 60°S and 6 5 ° S , that is , s l ightly equatorward 
o f  the observed S PT  pos i t ion . However ,  the s imulated SPT pressures are 
from 10 to 20  mb h ighe r than the s imu lated pressures . AS a result , the 
s imulated sur face wes ter l ies located between the STR and the SPT are 
weake r  than the observed wester l ies , par t icular ly in the easter n  
hemi sphere near 50°S , where the s imulated wind speeds a r e  only about 2 5 
percent of the observed speeds . 

The s imulated pressures inc rease poleward of the SPT to a maximum 
value ove r East Antarct ica as observed . However ,  the max imum pressure 
i s  20 mb h igher than the obse rved pressure . Easter ly winds are 
s imulated around the coasts of Antarctica as observed . 

6 .  OSU Model .  The s imulated subtropical h ighs are weaker than the 
obse rved h ighs by about 4 mb , and the h igh over the easte r n  South 
Pac i f ic Ocean extends into South Ame r ica in contrast to the 
obse rvations . A minimum pressure i s  s imulated ove r Australia a s  
obse rved , w ith souther ly and nor ther ly w inds of f the west a nd  east 
coasts ,  respect ively .  However , min imum pressures are s imulated east o f  
South Amer ica and Afr ica , r athe r than ove r these continents as 
obse rved , w i th the r esult that souther ly winds are located along the i r 
e ast coasts in contrast to the observed nor ther ly winds . 
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The s imulated pressures decrease with increasing souther n  latitude 
to the SPT located between about 60°S  and 7o • s ,  with SPT pressures 
about 4 mb h ighe r  than those obse rved . The s imulated weste r ly winds 
are also somewhat weaker than the observed winds . 

The s imulated sea-leve l pressure increases as observed from the SPT 
to a maximum value over East Antarct ica , with a pressure that i s  about 
4 mb h igher than the observed pressure . Easte r ly winds are located 
around Antarctica as observed . 

6 .  UCLA Mode l .  The mar itime pos i t ions o f  the subtropical h ighs 
are s imulated reasonably well J however , the intens ity of the s imulated 
subtropical h ighs i s  larger than observed by f rom 4 to 8 mb . Low 
pressures are s imulated ove r South Amer ica , Afr ica , and Australia a s 
observed , with values that are about 4 mb lower than those observed . 
Souther ly w inds are s imulated along the west coasts , and nor ther ly 
w inds along the east coasts of  South Amer ica , Af r ica , and Australia as 
observed . 

The s imulated sea-level pressure dec reases f rom the STR to an SPT 
that is located between 5 5 ° S  and 6 2 • s ,  that i s ,  about 5 degree s  of 
latitude equatorward of the observed SPT pos ition . The s imulated SPT 
pressure is f rom 4 to 8 mb h ighe r than the observed pressure .  Wester ly 
s ur face w inds are s imulated between the STR and SPT, with max imum 
speeds near 50 ° S  latitude as observed . The s imulated wind speeds ar e 
somewhat larger than those obse rved over the south Pac i f ic Ocean as a 
result of the h igher than observed pressure s imulated there . 

In contrast to the observations , the s imulated pressure increases 
poleward of the APT only as far as the coasts of East and West 
Antarctica , and to the sea-ice marg in in the Weddell and Ross seas 
( Figur e 1 ) , where subpolar h ighs are s imulated . An extens ive 
low-pressure center is s imulated over Bast Antarctica in contrast to 
the observed h igh pressure there . As a r esult of the s imulated 
pressure d istr ibut ion in and around Antarct ica , the coastal winds are 
weste r ly rathe r than easte r ly as obse rved . 

To summar i ze ,  the results show that each model ' s  s imulat ion of the 
summe r  sea-leve l pressures poleward of 3 0 ° S  lat itude exh ibits er ror s in 
compar ison with the obse rved sea-level pressures . Al l  the models 
s imulate the pressures of  the subtrop ical h ighs with i n  about 5 mb o f 
t he i r  observed pressures , and most of the models s imulate the observed 
positions of the subtropical h ighs reasonably well . The models are 
g enerally less successful in s imulat ing the pos i t ion and intens i ty of 
the SPT and , therefore , underestimate the speed of the midlat i tude 
surface wester ly winds . The SPT er rors are also shown in Figure 6 ,  
which presents the zonal mean sea-level pressures s imulated by the 
predecessors of  the s ix mode ls cons idered here ,  the pressures s imulated 
by four models not cons ide red here (BMO ,  MGO ,  AES , and ANMRC) , and the 
observed zonal mean sea-level pressures . Figure 6 also shows another 
e r ror that is  common to most of the models ' s imulations discussed here , 
namely , the overestimate of the sea-level pressure in  the inter ior of 
Antarct ica . 
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Figure 6 .  The mean January sea-leve l pressure as s imulated by var ious 
a tmospher ic general c i rculat ion models and as obse rved . Here (and in 
Figure 9) , NCAR ( 1971 ) i s  f rom Kasahara and wash ington ( 1971) , UCLA 
( 1973)  is f rom unpubl ished results , GISS ( 19 7 4 )  is from Somervi lle et 

al . ( 1974) , BMO ( 1975)  is  f rom Gi lchr ist ( 1975) , RAND ( 19 7 5 )  is  from 
Gates and SChle s i nger ( 1977) , GFDL ( 1 9 7 8 )  is f rom Manabe et al . ( 1979) , 
NCAR ( 1978)  i s  from wash ington et al . ( 1979) , GLAS ( 1978)  is  from Balem 
e t  a l .  ( 1 979) , BMO ( 1978)  is from Gi lch r ist ( 1979) , ANMRC ( 1978)  i s  
f rom McAvaney et al . ( 1979) , MGO ( 1 9 7 8 )  i s  from Meleshko et al . ( 1979) , 
AES ( 1978)  is  f rom Boer and McFar lane ( 1979) , and osu ( 1979)  i s  f rom 
SChles inger and Gates ( 1979) . The obse rved data ( S ' G) are f rom 
Schutz and Gates ( 1971) . ( From Gates and Bach 1 9 81 . )  

Winte r : The w inte r sea-level pressures presented in Figure 5 are 
t he observed July pressures and the July pressures s imulated by each 
model . 

l .  Observed . At 3 0 ° S  lat i tude the sea-level pressure is maximua 
in the subtrop ical h ighs , wh ich are located over the eastern South 
Pac i f ic Ocean , the reg ion extend ing f rom the south Atlantic Ocean to 
the Indian Ocean , and ove r Austra l i a . The pressure over south Amer ica 
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is leas than the pressure over the ne ighbor ing oceana . As a result o f  
this  sea-level pressure d istr ibution , the sur face winds have a weste r ly 
component everywher e  at Jo • s ,  a souther ly component along the west 
coast of South Amer ica and the east coast of Australia , and a nor the r ly 
component along the east coasts of South Amer ica and Afr ica . 

The sea-level pressure decreases with increas ing southern latitude 
to about 6 2 ° S  around East Antarctica and to 70°S around west 
Antarctica . Between this SPT and the STR located sl ightly equatorward 
of 30°S , the sur face winds are weste r ly .  The maximum wester ly winds 
occur near s o • s , where the sea-level pressure grad ient is largest . 
Sea-level pressure minima of 984 mb are located near the Rosa Sea and 
a round East Antarct ica near 20°B and 90°B.  

Th e  sea-leve l pressure increase s  poleward of the SPT. A relative 
s ea-level pressure max imum is s ituated over East Antarct ica with a 
patter n  that generally follows the topograph ic contour s  (Figure l ) . 
The reve r sal in the pressure grad ient at the SPT results in a r ever sal 
in the d i r ec tion of the sur face geostrophic wind . Kinds with an 
e aste r ly component are found along the coast of Antarct ica . 

2 . GFDL Model .  The observed pos ition of the STR equatorward o f 
3 0 °S is cor rectly s imulated by the model as are the positions of the 
subtropical h ighs over Australia , the Ind ian Ocean , and the South 
Atlant ic Ocean . Howeve r , the pressure s imulated over South Ame r ica i s  
h igher than the observed pressure , and the pressures s imulated over 
Afr ica and the South Pac i f ic Ocean are lower than those observed . The 
sur face winds have a wester ly component at 30°S  and poleward as 
observed . Along the west coasts of south Amer ica and Af r ica the 
s imulated winds have a nor ther ly and souther ly component , r espectively , 
unlike the observed winds . 

The s imu lated sea-leve l pressure decreases �i th increas ing southern 
lat itude to about 60°S around East Antarctica and to 70°S around West 
Antarct ica as obse rved . However , the s imulated SPT i s  about 10 mb 
highe r  than the observed pressure . The maximum weste r ly winds are 
located near s o • s  as obse rved , but have about hal f  the observed speeds .  

The s imulated pr essure increases from the SPT to a maximum value 
over East Antarctica as obse rved J however ,  the s imulated max imum 
pressure i s  SO mb h igher than the observed pressure .  Winds with an 
e aster ly component are s imulated along the coast of Antarct ica as 
observed . 

3 .  GISS Mode l .  In contrast to the observat ions , the s imulated STR 
is located poleward of 30°S ove r most of the hemisphere , with a maximum 
poleward pos it ion of s o • s  over the south Pac i f ic Ocean . Consequently , 
easter ly winds are s imulated poleward of J o • s , unl ike the observed 
w inds .  Subtropical h ighs are s imulated ove r  the easte rn South Pac i f ic 
Ocean , the central South Atlant ic Ocean , and south of Austral ia . High 
p ressure is s imulated over South Ame r ica where low pressure is 
observed , and low pressure i s  s imulated ove r Af r ica where h igh pressur e 
i s  observed . 

The s imulated sea-level pressures dec rease f rom the STR to an SPT 
located about s •  equatorward of i ts observed pos ition around Bast 
Antarct ica and the Be l l ingshausen sea . The s imulated SPT pressures are 
about 20 mb h ighe r than the observed presaure J howeve r , the 
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long itudina l  positions of the s imulated low-pressure cente r s  are in 
good agreement with the observat ions . The maximum weste r ly winds are 
located near ss•s and are weake r  than the obse rved winds by about a 
f actor of 2 . 

Poleward of the SPT the s imulated sea-level pressure increases to 
10 20 mb vir tually everywher e  ove r Antarctica and is , therefore , about 
2 0-30 mb h igher than the obse rved pressure . The s imulated sur face 
winds around the coast of Antarct ica have an easte r ly component as 
obse rved . 

4 .  GIM Model .  The pos it ion of  the s imulated STR is located 
poleward of 30°S  except ove r South Ame r ica , Australia , and near so•E , 
i n  reasonable agreement with the observations . The s imulated 
subtropical h ighs ove r  the easte r n  South Atlant ic and Ind ian oceans ar e 
located near the observed pos it ions and have the observed intens ities J 
the h igh-pressure center s over the easte r n  South Pac i f ic Ocean and 
Australia are weaker than the i r  observed counterparts .  

The s imulated pressures dec rease with increasing southern lati tude 
to an SPT that is located near the observed SPT around East Antarctica 
but is located more than 30 ° equatorward of the observed SPT f rom 90°W 
to the Date l ine . In this quadrant the s imulated wester ly winds extend 
poleward only to 40°S , in mar ked contrast to the observed w inds . 
Elsewhere the s imulated wester ly winds are weaker than the observed 
wind s  by at least a factor of 2 . The SPT pressure is  about 1 5  mb 
h igher than the observed pressure . 

Poleward of the SPT the pressure increases toward Antarct ica . The 
maximum sea-level pressure is  s imulated ove r East Antarctica as 
observed , but the max imum pressure is 40  mb g r eate r  than the observed . 
Easte r ly winds are s imulated around the Antarct ic coast as observed . 
Easte r ly winds are also s imulated as far equatorward as 4 0 ° S  over the 
South Pac i f ic Ocean , in mar ked contrast with the observations . 

s .  NCAR Model .  The pos ition o f  the s imulated STR i s  located 
equatorward of  30 • s  everywhere except near l 6 S OW , in  good agreement 
w i th the observations . A subtropical h igh i s  located over Australia as 
observed , but a h igh i s  also found over South Amer ica , which is not 
observed . The s imulated sur face winds near 3 0 ° S  are weste r ly in  accord 
with the observations , as is the southe r ly f low along the east coast of 
Australia . However ,  f low with a nor the r ly component i s  s imulated along 
the west coast of South Amer ica , in contrast to the southe r ly wind 
observed there .  

The s imulated sea-level pressure dec reases with inc reas ing southern 
latitude to an SPT that i s  located about s •  equatorward of its obse rved 
pos ition around most of Antarctica . The s imulated SPT pressure is  
about 10 mb hg iher than the observed pressure . The max imum weste r ly 
w inds are located about s•  equatorward of the i r  observed pos ition .  The 
speed o f  the weste r l ies is s imulated reasonably wel l  on the equatorward 
f lanks of the low-pressure centers near 60°E and 140•w.  Elsewhere the 
weste r ly wind speeds are under est imated by the model .  

The s imulated pressures inc rease poleward o f  the SPT to a maximum 
value over East Antarctica as observed . However , the max imum pressure 
i s  about 40 mb h ighe r  than that obse rved . Easte r ly winds are s imulated 
a round the Antarc t ic coasts as observed . 
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6 .  OSU Model .  Th e  pos ition of the s imulated S TR  is located 
equatorward of 30°8 everywhere as observed . A subtropical h igh i s 
located ove r Austral ia as observed , but with an intens ity that i s 
underest imated by about 1 2 mb .  A subtropical h igh is also s imulated 
ove r South Amer ica instead of over the easter n  South Pac i f ic Ocean as 
observed , and the sea-level pressure there and over the Ind ian Ocean is 
underest imated by 10-20 mb .  Th e  sur face winds have a weste r ly 
component everywhere at 30°8 as observed . Flow with a souther ly 
component i s  s imulated along the east coast of Australia in agreemen t 
with the observed wind ,  whi le the s imulated nor the r ly component a long 
the west coast of South Amer ica i s  opposite to the observed souther ly 
component the re . 

The sea-level pressure decreases with increasing southern latitude 
everywhere except over the South Pac i f ic Ocean . A weak low-pressure 
center i s  s imulated east of New Zealand and , far ther east and poleward , 
a weak h igh-pressure cente r . This simulated doublet-l ike featur e i s  
not found in the observat ions , and the weak easter ly wind s imulated 
between the h igh and the low is in contrast to the observed wester ly 
w ind .  

The s imulated SPT i s  located about s• equatorward o f  its observed 
pos it ion around East Antarc t ica between 30°E and 60°E,  1 0 °  too far 
toward the equator near 60°W , and somewhat poleward of the observed 
pos ition ove r the Ross Sea . The s imulated SPT pressure is about 4 mb 
h ighe r than the observed pressure . The maximum wester ly winds are 
located about 1 0 •  equatorward of the observed pos ition f rom g o •w 

e astward to l 20°E ,  and about 1 0 •  poleward of the observed pos it ion near 
l S O •w .  The speed of the maximum sur face wester ly winds i s  
underest imated by a factor o f  2 over much of the hemisphere . 

The pressure inc r ease s  poleward of the SPT to a maximum value ove r 
East Antarct ica as obse rved , but with a pressure that is  20 mb h igher 
than the observed pressure . Along the Antarctic coast the wind has an 
e aste r ly component as observed . 

7 .  UCLA Model .  Subtropical highs are s imulated over Austra l ia ,  
the easter n South Pac i f ic Ocean , and the South Atlant ic Ocean as 
observed , with an intensity about 4 mb h igher than that obse rved . The 
subtropical high observed ove r the Ind ian Ocean at 3 0 ° 8  i s  not shown in 
the s imulat ion , and the s imulated h igh pressure over South Amer ica is 
not found in the observat ions . Winds with a wester ly component are 
s imulated a lmost everywhe re near 30°8 in agreement with the 
observat ions . 

The s imulated sea-level pressure dec reases with increas ing southern 
lat itude to the SPT, which is located about s •  equatorward of its  
observed pos i t ion near 3 0 ° E ,  and 10 °  too far equatorward near 60 0W and 
180° . The s imulated SPT pressure is about 4 mb  h igher than the 
observed pressure , and the long itud inal pos itions of the s imulated 
low-pressure cente r s  are in good agr eement with the observations . The 
maximum weste r ly winds are located c lose to the observed latitudes 
everywher e  except near 1 8 0 °  whe r e  they are d isplaced toward the equato r 
by about 1 0 • . The speed of the wester l ies is s imulated r easonably wel l .  

The sea-leve l pressure incr eases poleward of the SPT to a maximum 
p ressure over East Antarct ica as obse rved , but with a pressure that is 
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40  mb h ighe r  than observed . Along the Antarct ic coast the sur face 
g eostroph ic w inds have an easter ly component in ag reement with 
observat ions . 

These r esults i nd icate that the subtropical sea-level pressures 
s imulated by most of the mode ls are in reasonable agr eement with the 
observations . Howeve r , no mode l reproduces the observed h igh pressure 
over Austr alia and low pressure over South Amer ica . The mode ls 
g enerally s imulate the SPT equatorward of  its observed pos it ion with an 
i ntens ity that i s weake r than that observed . As a result , the sur face 
weste r ly winds s imulated by most of the models are considerably weaker 
than the observed winds . Finally , the mode ls overest imate the h igh 
p r essure over East Antarct ica by f rom 20 to SO mb . 

Prec ipitat ion Rate 

The summer and w inter prec ipitat ion r ates s imulated by the AGCMs are 
shown i n  Figures 7 and 8,  respect ively , together with the cor respond ing 
obse rved prec ipitat ion rates . The latter are based on the data of 
Jaege r ( 1976)  as represented on the 4° x s o  lat itude-long itude g r id of 
the OSU mode l .  The contour leve ls shown in Figures 7 and 8 for the 
s imulated prec ipitat ion rates are not a l l  the same as those shown for 
the observed prec ipitat ion rates . Thi s  tends to exaggerate the 
d i f fe rence s between the s imulated and observed f ie lds . Although thi s 
was also true for the sur face a i r  tempe ratures and sea-leve l pressures 
prev iously shown for two of  the models , the percept ion e r ro r s  are much 
l arger for the prec ipitat ion r ate . According ly ,  each model ' s  s imulated 
prec ipitat ion rate has been compared with a separate f igure of the 
obse rved rate hav ing the same contour levels as shown for the s imulated 
rate , as wel l  as with the observed prec ipi tat ion r ates shown in Figures 
7 and 8 .  

Summer : The summe r  prec ipi tat ion r ates presented in Figure 7 are 
the observed January rates and the January r ates s imulated by the GPDL ,  
NCAR, osu , and UCLA models . Por the GLAS model the s imulated February 
prec ipitat ion rate i s  shown 1 the December -January-February mean rate is 
presented for the GISS model . 

l .  Observed . At 3 0 ° S the prec ipitat ion rate is less than o . s  ma 
d ay-1 off  the west coasts of South Ame r ica , Af r ica , and Australia in 
the reg ions of  the subtropical h ighs (Figure 4 ) . Prec ipitation maxima 
a re located over the east coasts of south Ame r ica , Af r ic a ,  and 
Austra l i a , and a precipitat ion minimum in central Australia . 

The prec ipi tation rate exceeds 2 mm day -l v i r tually everywher e  
between 4 0 ° S  and 6 0 ° S  except o f f  the east coast o f  south Amer ica and 
near SS0 S ,  3 0 °E ,  where the Jaeger data show a prec ipitation minimum . 
In thi s  lat itude belt , prec ipitat ion rates i n  excess of S mm day-l 

a re located nor thwest of New Zealand , off the west coast of  South 
Amer ica , and near 6 0 ° S  f rom 7 0 ° E  to l S S 0W on the equatorward f lank of  
the SPT ( Figure 4 ) . Less extens ive prec ipi tat ion max ima are also 
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F igure 7 .  The observed and s imulated southern Hemi sphe re prec ipitat ion 
r ates (mm day-1 ) for summer .  The mean January observed prec ipitation 
rate and the mean January prec ipitation r ates s imulated by the GPDL, 
NCAR, osu, and UCLA models are presented . The mean December -January­
February rate i s  shown for the GISS model , and the mean February rate 
for the GLAS model . The observations are based on the data of Jaeger 
( 1 9 7 6 )  • 

located near the SPT at somewhat h ighe r  souther n  lat itudes over the 
Bel l ing shausen Sea and at the Greenwich Mer id ian . 

The prec ipitat ion r ate decreases from about 6 5 ° S  toward 
Antarctica . Rates less than 1 mm day-1 are observed ove r most of the 
Antarc t ic coast and over the sea ice in the Weddell Sea ( Figure 1 ) . 
The prec ipitation rate over the inte r ior of Bast Antarctica and much o f  
West Antarc t ica is less than o . s mm day -1• Rates of th i s  s ize are 
a lso found over the sea ice i n  the Weddel l  and Ross seas (Figure 1 ) . 
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Figur e  7 .  (continued ) 

2 .  GFDL Mode l .  Prec ipitation r ate minima a re s imulated at 30°S 
o f f  the west coasts of South Amer ica , Afr ica , and Austral ia in  
cor respondence with the pos i t ion of the model ' s  subtropical highs 
( Figure 4) and the obse rved prec ipi tat ion rate . The s imulated rate s 
ove r  the oceans are i n  r easonable agreement with the observed r ates 
everywher e  except ove r the easter n  South Pac i fic Ocean , wher e  they ar e 
somewhat less than the observed r ates . The s imulated prec ipitat ion i s  
max imum ove r the east coast of  South Amer ica and increases f rom west to 
e ast across Afr ica and Australia i n  accord with the observations . The 
prec ipitat ion min imum obse rved ove r central Austral ia is not reproduced 
by the mode l .  In the latitude band f rom 40 ° S  to 60°S  the s imulated 
prec ipitat ion rate s  do not exceed 2 mm day-1 everywhere as observed 
but only in a prec ipitat ion max imum centered near s o • s  around much of 
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Pigure 8 . The observed and a iaulated Southern Hemisphere precipitation 
rates (mm day-1 ) for winter . The aean July observed prec ipitation 
rate and the mean July rates simulated by the GPDL, GLAS , NCAR, osu , 
and UCLA models are presented . The mean June-July-August rate ia shown 
for the GISS model .  The observations are baaed on the data of Jaeger 
( 1976 ) .  

the heaiaphere . The prec ipitation aaxi.ua off the west coast of South 
Amer ica ia aiaulated by the model , but it ia leas than half the 
observed intensity . The observed precipitation maxt.a located near 
60°8 are not aiaulated by the model ,  and the simulated prec ipitation 
r ates there are about half the observed values.  However , the model 
does aiaulate a precipitation minimum at 30°B, albeit aa.ewhat 
equatorward of the observed position . 
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Figure 8 .  (cont inued ) 

The s imulated precipitation r ates generally decrease w ith 
inc reas ing souther n  lat itude toward Antarctica . Rates less than l mm 
day-l are s imulated over much of Antarct ica and over the sea ice in 
the Weddell and Rosa seas ( Figure l) as observed . Howeve r , the 
p rec ipitation r ates a �ulated over the coast of Bast Antarctica are 
large r than the observed rates by as auch as a factor of  2 .  It appear s 
that the prec ipitation r ate a iaulated over the Antarct ic inter ior is 
larger than the observed rate J however ,  the absence of the 0 . 5 mm 
d ay-1 contour prevents a prec ise compa r i son . 

3 . GISS Model .  Prec ipitation rate minima are s imulated at 30°S 
over the eastern reg ions of the South Pac i f ic ,  South Atlantic , and 
Ind ian oceana as observed , even though the s imulated subtropical h ighs 
are  not located in these reg ions as observed ( Figure 4) J however ,  the 
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s imulated rates are twice the observed rates . Prec ipitat ion rate 
maxima are a taulated ove r or near the east coasts of South Ame r ica , 
Af r ica , and Austr alia as observed , but the a taulated rates are about 
twice the observed rates . The mode l a taulatea a prec ipitat ion minimua 
ove r Australia as observed , albe i t  with an intens ity somewhat large r 
than that obse rved . 

The mode l is reasonably successful in s imulat ing the obse rved 

prec ipitat ion rate s large r than 2 mm day
-1 in the t o • s  to 60° 8 

lat i tude band . However , the obse rved prec ipitat ion aax iaa off the west 
coast of South �r ica and around much of Antarct ica nea r & o • s  are not 
a �lated by the model .  

The s imulated prec ipitat ion r ates dec rease toward and into 
Antarct ica as obse rved , and the prec ipitat ion rates s imulated over the 
sea ice in the Weddell and ROsa seas are in reasonable ag reement with 
the obse rvat ions . However , ove r much of Antarc tica the s imulated 
prec ipitat ion r ates are twice the observed values . 

4 .  GLAS Mode l .  At 30°9 the mode l s imulates prec ipitat ion rate s 
leas than 1 mm day

-l off the west coasts of south Ame r ica and Af r ica 
as obse rved . A prec ipi tat ion minimum is also a t.ulated of f the wes t  
coast of Australia as obse rved , but with a value about twice the 

observed one . The s imulated prec ipitat ion increases f rom west to eas t 
across South Ame r ica , Af r ica , and Australia as observed , but the 

min t.ua observed over Australia is not shown by the mode l .  A 

prec ipitat ion aaximua in excess of 5 mm day
-l is s imulated ove r the 

c entr al South Atlant ic Ocean , which is not shown by the observat ions . 

Prec ipitat ion rates in excess of 2 mm day-1 are s imu lated be tween 
t o •s and & o • s  v i r tually everywhe re in ag reement with the obser vat ions . 
Prec ipitat ion aaxiaa in excess of 5 mm day-1 are s imulated ove r the 
c entral Ind ian Ocean and ove r the South Pac i f ic Ocean east of New 

zealand , wh ich are not found in the obse rvat ion!• on the othe r hand , 
the prec ipitation aaxiaa in excess of 5 mm day - observed of f the 
west coast of South Amer ican and around Antarct ica nea r 60°8 are not 
s imulated by the model . 

The s imulated prec ipitation rate dec reases towa rd and into 
Antarctica as obse rved . Rates leas than 1 mm day

-l are s imu lated 
ove r moat of the sea ice in the Wedde ll and ROsa seas ( Figure l )  as 
observed . The s imulated prec ipitat ion rates ove r much of the Anta rctic 
coast are larger than the observed prec ipitation r ates . It appea r s  
that the s imulated prec ipi tat ion rate ove r th e  inter ior of Antarct ica 
i s  larger than the observed r ate J however , the absence of the 0 . 5  mm 
day-l contour does not permit a prec ise compar i son .  

5 .  NCAR Model . Prec ipitat ion rate mint.a are s imulated at 30° 9 
o f f  the west coasts of South �r ica and Afr ica as observed , but with 

va lues that are about twice those observed . In contrast to the 
observat ions , a prec ipitat ion minimum i s  not s imulated o f f  the west 
coast of Austral ia . Prec ipitat ion rate maxima are s imulated ove r the 
east coasts of South Ame r ica , Afr ica , and Austra l ia in ag reement with 

the obse rvat ions , but the s imulated values are about twice the obse rved 
values ,  and the s imulated southeastwa rd extens ions ove r the oceana are 
not shown by observat ions . 
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Prec ipitation rates in excess of 2 mm day-l are aU.ulated almost 
everywhere between 40°S and 60°S in agreement with the observations . A 
prec ipitation maximua larger than 4 mm day-l ia a U.ulated near Hew 
Zealand aa observed , aa ia the precipitation mint.ua leas than 2 .. 
day-1 near 130�, but the observed maximum off the west coast of 
South �r ica ia not aU.ulated by the model .  Also , the prec ipitation 
maxima observed near 60°S around much of Antarctica are not ataulated 
by the model . 

The simulated prec ipitation rates decrease towarf and into 
Antarctica . Prec ipitation rates leas than 1 mm day- are aU.ulated 
over the sea ice in the Weddell  and ROsa aeaa (Figure 1) in reasonable 
agreement with the observations . However , the simulated prec ipitation 
rates around the Antarctic coast and over the Antarctic inter ior are 
about twice the observed values . 

6 .  osu MOdel .  At 30°S the model s imulates prec ipitation minima 
off the west coasts of South Amer ica , Afr ica , and Australia that are in 
reasonable agreement with the observations in regard to intensity but 
that are leas extens ive in long itude than indicated by observations . 
The model s imulates a prec ipitation minimum on the east coast of South 
Amer ica , where a prec ipitation maximum ia observed and simulates leas 
prec ipitation over Australia than ia observed . A weak precipitation 
minimum ia simulated over the western South Pacific Ocean , which ia not 
shown in the observations . 

In the lat itude band from 40°8 to 55°8 the simulated prec ipitation 
r ates exceed 2 mm day-1 ever�here as observed . Prec ipitation rate 
maxima in excess of 5 mm day-l are s imulated off the east coasts of 
Australia and South Amer ica , and greater than 10 mm day-1 off South 
Afr ica , with no correspondence to the observations . FUrthermore , the 
observed prec ipitation maxima off the west coast of South Amer ica at 
s o • s  and around much of Antarctica at & o • s  are not s U.ulated by the 
model . 

The s imulated prec ipitation rate generally decreases toward 
Antarctica .  Prec ipitation rates less than 1 mm day-l are s imulated 
over the sea ice and ocean border ing most of Antarctica ,  and the 
simulated rates are less than the observed rates in the quadrants from 
o •  to 90°B  and 180°  to 90�. Prec ipitation rates larger than observed 
are simulated along much of the Antarctic coastline , and the 
precipitation rates simulated over tha Antarctic inter ior are generally 
larger than those observed . 

7 .  UCLA Model . At 30°S the model s imulates the prec ipitation rate 
min ima off the west coasts of South Amer ica , Afr ica , and Australia and 
the maxima along the east coasts of these continents . However , the 
s imulated minima are leas extensive over the adjoining oceana than the 
observed minima , and the s imulated maxima are near ly twice aa intense 
aa the observed maxima . A precipitation minimum is simulated over 
Australia aa observed , but the precipitation over Australia ia 
everywhere larger than that observed . 

Precipitation maxima greater than 3 mm day-l are sU.ulated at 
s o • s  in reasonable agreement with the obaervations J in particular , the 
prec ipitation maximum over the west coast of South Amer ica ia 
represented quite well . The observed precipitation max� at & o • s  

around much of Antarctica are not s imulated by the model . 
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Precipitation less than 1 mm day-1 is  simulated over the sea ice 
in the Weddell and BOss seas in agreement with the observations . 
However , the st.ulated precipitation rates are less than the observed 
rates over the sea ice around Bast Antarctica ( Figure 1) . OVer both 
Bast and West Antarctica the simulated precipitation rates are at least 
twice the observed values . 

The results presented for the var ious models show that they are 
reasonably successful in siaulating the prec ipitation rate minima and 
maxima ,  respectively , off the west and east coasts of south Amer ica , 
Afr ica , and Australia J however ,  only some of the models s imulate the 
precipitation miniaum observed in central Australia . The models are 
less successful in simulating the prec ipitation maximum observed of f 
the west coast of South Amer ica at 50•s , and only the UCLA model 
reproduces the observed intens ity there . 

Hone of the models s imulates the precipitation rate maxima shown by 
the Jaeger ( 1976) data at &o•s .  This is also evident from Figure 9 ,  
which presents the zonal mean precipitation rates simulated by the 
predecessor s of the s ix models considered here , as well as by four 
other models , the Jaeger observations , and those of Maller ( 1951) as 
reported by Schutz and Gates (197 2) .  Both the Jaeger  and M5ller 
observat ions show maximum, zonal mean prec ipitation rates in the 
Southern Hemisphere midlatitudes J however ,  Jaeger shows the maximum to 
be 4 mm day-1 at &o•s , while M5ller  shows 3 mm day-1 at 5o•s . 
Clear ly , the maxiaua midlatitude prec ipitation s imulated by the models 
agrees more with the M5lle r observations than with those of Jaeger .  

Figure 9 also shows another error that is common to the simulations 
of the models presented here , namely , the overestimate of the 
prec ipitation rates over Antarctica . 

Winter a  The winter prec ipitation rates presented in Figure 8 are 
the observed July rates and the July rates s imulated by the GPDL, GLAS , 
NCAR, osu , and UCLA models . Por the GISS model the siaulated mean 
prec ipitation rate for June-July-August is shown . 

1 .  Observ� . At 30°S the prec ipitation rate has minima of less 
than 1 mm day- located over the cont inents and off the west coast of 
Afr ica . Prec ipitation rates less than 2 mm day-1 are located to the 
west of the cont inents over the oceans and eastward from Afr ica over 
the Indian Ocean . 

OVer the central South Pac i f ic Ocean the maximum prec ipitation 
occurs equatorward of 30°S , and the prec ipitation rate is relatively 
uniform to about 55°S .  Elsewhere , the prec ipitation rate increases 
with increasing southern latitude to a maximum near 45°S . 
Precipitation maxima in excess of 5 mm day-1 are located to the west 
and east o f  New zealand and o f f  the west coast of south Amer ica . 

The prec ipitation rate decreases poleward of 45°S to a minimum 
value less than 0 . 5  mm day-1 near 61°S from 30°W eastward to 150°W. 
Prec ipitation rates larger than 0 . 5 mm day-1 are found along the 
coast of Antarctica , with values larger than 1 mm day-l near o• , 
30°B ,  and 90°B.  The prec ipitation rate is  larger than 1 .. day -l 
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Figure 9 .  The mean January precipitation rate as simulated by var ious 
a tmospher ic general c irculation models and as observed . (See Figure 6 
for identification of the models . )  The observed data are froa Schutz 
and Gates ( 197 2) and Jaeger ( 1976) . (Prom Gates and Bach 1981 . ) 

aloni much of the coast of West Antarctica , and rates larger than 2 .. 
day- are observed over the Palmer Peninsula , extending westward over 
the coast of Ellsworth Land . 

The precipitation rate decreases inland fraa the Antarctic coast ,  
and rates less than o . s  mm day-1 are shown over a region that 
corresponds roughly to that enca.paaaed by the 2000-a topographic 
contour (Figure 1) . 

2 . GFDL Model . At 30°8 the s imulated precipitation rate ahowa 
minimum v�lues of less than l mm day-1 over South �r ica and over 
the west coast of Afr ica , extending westward over the oceana , in 
reasonable agreement with the observations . The simulated 
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prec ipitation rate over Australia ia  larger than the observed rate , aa 
ia the s imulated prec ipitation rate along the east coast of Af r ica. 
However , the model underestimates the prec ipitation rate observed of f 
the east coasts of South Amer ica and Australia . 

The simulated precipitation rate ia  relatively uniform over the 
central South Pacific Ocean , and elsewhere it increases with increasing 
southern latitude to about 4s•s , in agreement with the observations . 
However , the precipitation maxima observed off the west coast of South 
Amer ica and east and west of New zealand are not simulated by the model . 

Poleward of 45°S the s imulated prec ipit�iion rate decreases to a 
minimum value aaaewhat larger than 1 mm day around moat of 
Antarctica near 60•s,  in qualitative agreement with the observations . 
The s imulated prec ipitation rate baa a maximum value along the coast of 
Antarctica aa observed , but the simulated intensities are about twice 
the observed intensities . 

The prec ipitation rate decreases inland fraa the Antarctic coast , 
and rates leas than 1 mm day-1 are s imulated over a reg ion 
corresponding roughly to that encompassed by the 3000-m orographic 
contour . The precipitation rates s imulated over much of the Antarctic 
inter ior are about twice the observed rates . 

3 .  GISS Model .  A precipitation rate minimum ia a U.ulated at 30°S 
over South �r ica that extends westward over .the South Pacific Ocean 
aa obaerved J however , the s imulated South Amer ican minimum ia larger 
than the observed mintmum. The prec ipitation rates simulated over 
Afr ica and Australia exceed the observed rates by about a factor of 2 . 
Prec ipitation rates in excess of 4 ma day-1 are simulated over the 
central South Pacific Ocean , the western reg ions of the South Atlantic , 
Indian , and South Pacific oceana , and the eastern regions of the South 
Atlantic and Indian oceana . Observations show prec ipitation rates this 
large only over the central South Pacific Ocean . 

The maximum s imulated prec ipitation rates are near 35°S latitude 
over much of the hemiaphere r that ia , about 10°  equatorward of the 
observed position . The prec ipitation rate maxima observed east and 
west of New zealand are simulated by the model but not that observed 
off  the west coast of South Amer ica . 

The simulated precipitation rates decrease with increasing southern 
latitude toward and into Antarctica . The prec ipitation rate minimum 
observed ove r the ocean and sea ice around moat of Antarctica ia  not 
a t.ulated by the model ,  and the s imulated rates there are larger than 
the observed rates by aa much aa a factor of 4 .  The precipitation 
r ates simulated around much of the Antarctic coast are also somewhat 
larger than those obaerved r however ,  the model underestimates the 
observed rates somewhat over the Palmer Peninsula .  OYer the inter ior 
of Antarctica the precipitation rates simulated by the model are in 
reasonably good agreement with the observat ions . 

4 .  GLAS Model .  Precipitation rates leas than 2 ma day-l are 
s imulated at 30°S off the east coasts of South Amer ica , Afr ica , and 
Australia in agreement with the observations . A prec ipitation minimum 
i a  s imulated over Australia aa observed , but the a U.ulated rate i a  
about twice the observed rate . The prec ipitation minima observed ove r 
South Amer ica and Afr ica are not s imulated by the model ,  and the 
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s imulated precipitation rates there are about twice the observed 
values . Precipitation rates in excess of 5 .. day-1 are simulated 
over the central and western South Pac ific Ocean , with a rate larger 
than 10 mm day-l near 135�. These simulated rates are larger than 
the observed rates in this region . 

The simulated prec ipitation rates are larger than 2 mm day-1 

equatorward of about 60•s,  in agreement with the observations . A 
precipitation rate less than 2 mm day-l is simulated along the east 
coast of South Amer ica in accord with the observations • however , the 
prec ipitation maximua observed off the South �r ican west coast is not 
found in the s imulation . 

The s imulated prec ipitation rate decreases toward and into 
Antarctica . The prec ipitation rate minimum over the ocean and sea ice 
bounding Antarctica is not simulated by the model , and the observed 
rate there is overestimated by a factor of 4 .  The prec ipitation rate 
s imulated over the Antarctic coast is in reasonable agreement with the 
observed rate , although the latter is  underestimated by the model over 
the Palmer Peninsula . A prec ise compar ison of the simulated and 
observed prec ipitation rates over the Antarctic inter ior cannot be made 
due to the absence of the 0 . 5� day-l contour for the

· 
simulation . 

5 .  NCAR Model .  At J o • s ,  precipitation rates less than 2 mm 
day-l are s imulated off the west coasts of south Amer ica and Afr ica 
as observed J however , the prec ipitation rate sU.ulated off the east 
coast of Australia is lar!er than the observed rate . Prec ipitation 
r ates less than 2 am day- are s imulated over South Amer ica , western 
Afr ica , and western Austral ia as observed , but the simulated rates 
exceed the observed rates over most of Australia , eastern Af r ica , and 
central south Amer ica . Precipitation rates less than 2 mm day-1 ar e 
s imulated over the western Indian ocean , and rates greater than 4 .. 
day-l over the central South Pac ific Ocean , in agreement with the 
observat ions . 

The prec ipitation rate maxima observed off the west coast of South 
Ame r ica and east and west of New Zealand are simulated by the model .  A 
prec ipitation rate maximum is  s imulated near 4 5 ° 8  everywhere except 
over the central South Pac ific Ocean in agreement with the 
observations , however , the s imulated intensity is larger than that 
observed by about 2 mm day-1 . Prec ipitation rate minima less than 2 
mm day-1 are s imulated at 55°8 at several longitudes . These 
s imulated minU&a are similar to the observed minimum around Antarctica 
but are larger in intens ity , located far ther equatorward , and less 
longitudinally continuous . 

The prec ipitation rates simulated along the coast and inter ior of 
much of Antarctica are larger than those observed . 

6 .  osu Model . Prec ipitation minima are simulated at 30°8 over 
South Amer ica and Australia J however ,  the former are located east of 
the observed position , and the latter have rates that are somewhat 
smaller than those observed . The prec ipitation rate minima observed 
off  the west coast of the continents are not simulated by the model at 
30°8 , and the maxima in excess of 5 mm day-1 simulated off the east 
coasts of the continents are not found in the observations . 
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The prec ipitation rate maximua observed off the west coast of South 
Aaer ica is  simulated by the model ,  but at a location about 10•  
equatorward of the observed position . The prec ipitation rate maxt.a 
east and west of New zealand are not simulated by the model .  The 
simulated prec ipitation rate exceeds 2 mm day-1 equatorward of about 
s s•s everywhere except near 150�, in reasonable agreement with the 
observations . The model does not reproduce the observed precipitation 
r ate minimua observed over the ocean and sea ice surrounding Antarctica . 

The precipitation rates simulated over the Bast Antarctic are 
somewhat larger than those observed and are smaller than observed over 
the Palmer Peninsula . The minimum observed over the inter ior of 
Antarctica is reproduced reasonably well . 

7 .  UCLA Model . Prec ipitation rates greater than 3 ma day-l are 
s imulated at 30°8 over the central and western South Pac ific Ocean and 
the western South Atlantic Ocean in accord with th! observations . 
However , the simulated rates larger than 3 mm day- over the Indian 
Ocean at 30°8 are not found in the observations . A prec ipitation 
minimum less than l ma day-l is s imulated over Soufh �r ica as 
observed . The observed minima leas than l ma day- over Afr ica and 
Australia are not simulated by the model .  . 

Prec ipitation rates larger than 3 ma day- l are s imulated to about 
s s •s , with a maximum near 45°S over much of the hemisphere as 
observed . The precipitation maximum observed off the west coast of  
South Aaer ica is  simulated , although it is less extens ive than that 
observed . The observed maxima east and west of New zealand are not 
s imulated by the model .  

The prec ipitation rate minimum observed over the ocean and sea ice 
surrounding Antarctica is not found in the simulation , and the 
s imulated prec ipitation rates there are from 2 to 4 times the observed 
rates . The prec ipitation rates simulated around the Antarctic coast 
are in agreement with the observed rates everywhere except near the 
Palmer Peninsula and 105°E,  where the model somewhat underestimates the 
observed prec ipitation rates . Due to the absence of the o . s� day-l 

contour , it is not possible to ca.pare the simulated prec ipitation rate 
over the Antarctic inter ior with the observed prec ipitation rate . 

In aumaary , the results show that the models are successful in 
simulating the observed prec ipitation rates larger than 2 ma day-l in 
the latitudes between 40°8 and & o • s .  The mode ls are leas successful in 
simulating the precipitation minima over South Amer ica , Afr ica , and 
Australia and , generally ,  overestimate the observed rates there and 
westward over the oceana . Some of the models simulate e ither the 
prec ipitation maxima observed near so • s  off the west coast of South 
Amer ica or that sur rounding New Zealand , but none of the models 
s imulates both of these features reasonably well .  The models also 
either do not simulate the prec ipitation minimum observed around much 
of  Antarctica near 60°8 ,  or they s imulate a weak minimum equatorward of 
the observed location . Most of the models overestimate the 
prec ipitation over Bast Antarctica and underestimate the observed 
prec ipitation over the Palmer Peninsula and Ellsworth Land . Pinally , 
two of the models (GISS , OSU) simulate the prec ipitation over the 
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Figure 10 . Position of cyclogenesis (a)  as observed (Taljaard 1972)  
for July , and (b) as obtained by an ear l ier ver sion of the UCLA model .  
(c ) Simulated major cyclone tracks . (Froa Mechoso e t  al . 1979 . ) 

Antarctic inter ior reasonably well , two of the models (GFDL, NCAR) 
overestimate the prec ipitat ion , and the s imulated prec ipitation of two 
o f  the models (GLAS ,  UCLA) cannot be c011pared prec isely with the 
observations because of the difference in plotted contour levels . 

Cyclogenesis and eyclone Tracks 

Figure 10  shows the geographical distr ibution of cyclogenesis st.ulated 
for July by an ear lier  verson of the UCLA model ,  with six vertical 
layers , top at 50 mb, and 4° x s•  latitude-long itude resolution 
(Mechoso et a l .  1979) , together with the observed locations for winter 
dur ing the International Geophysical Year ( IGY) . Here , cyclogenesis is 
defined as the initial location of those cyclonic vortices for which a 
c losed sea-level pressure contour could subsequently be followed for at 
least two consecutive days . Figure 11 shows similar results fr011 an 
ear l ier  ver sion of the GPDL model , with the same vertical structure as 
the model of Table 1 ,  but with 30 spectral waves in both latitude and 
long itude (Manabe et al . 1979) , both with and without mountains . 

Figure 10  shows that the earl ier UCLA model staulated only about 6 0 
percent of the observed number of cyclones formed ( 28 c f .  45) , with no 
cyclogenesis over the eastern coast of South Amer ica , southeast of 
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Figure 11 . Location of cyclogenesis and cyclone tracks simulated by an 
earlier version of the GFDL model ,  with mountains (M) and without 
mountains (NM) . (Froa Mechoso 1981. ) 

Afr ica , and south of Australia , unlike the observations . Furthermore , 
the locations of cyclogenesis simulated by the model occur closer to 
the Antarctic coast than has been observed . Figure 11 shows that the 
ear lier GFDL model simulates the number of cyclones formed in July ( 4 7  
c f .  4 5 )  reasonably well but failed to s t.ulate the July cyclogenesis 
over the east coast of South Aaer ica and south of Australia . It 
s taulates more cyclogenesis near the coast of Antarctica than is 
observed . The earlier GFDL model simulates fewer July cyclones when 
the mountains a re removed ( 34 c f .  47) , with fewer cyclones forming near 
the Antarctic coast . 

DISCUSSION AND RBOOMMBNDATIONS 

The sur face air  temperatures simulated by the models over Antarctica 
are l0°C warmer than the observed temperatures in summer and 15°  warme r 
in  winter . These error s may be a consequence of the models ' prescr ibed 
topographies , which have been smoothed in accord with their  hor izontal 
resolution and are , therefore , of lower e levation than in reality .  
Alternatively , the sur face a i r  temperature observations o f  Talj aard et  
a l .  ( 1969)  may be colder than reality .  In fact , the most recently 
published global at.oapher ic c irculation statistics (Oor t 1983) show 
observed temperatures over Antarctica that are 20°C warmer than the 
Taljaard et al . ( 1969)  observations for summer and 30°C warmer for 
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winter . Clear ly , if  these most recently published observations are 
cor rect ,  the models ' results are from 1 0° to 15°C colder than reality 
rather than vice versa : 

The sur face air  temperatures sU.ulated by the models over the 
Antarctic sea ice are generally warmer than the observed temperatures 
in summer , and both warmer and colder in winter . These errors are not 
due to the models ' prescr ibed topographies , and there appears to be 
less difference between the Taljaard et a l .  ( 1969) and oort ( 1983)  
observations around the Antarctic coast . It may be that too much solar 
r adiation is absorbed by the sea ice as a result of its prescr ibed 
sur face albedo be ing to small or that too much longwave radiation i s  
inc ident on the sea ice a s  a result of a n  overestimate i n  the s U.ulated 
cloudiness and/or a cloud emissivity that is too large . In any event , 
the most recent (satellite)  observations of the extent of sea ice 
( Zwally et al .  1983)  show that the Antarctic sea ice prescr ibed for 
some of the AGCMs , at least those based on the data of Alexander and 
Mobley ( 1976) , is more estensive than in reality .  (However , this  would 
probably cause those models to underestimate the sur face air 
temperature over the sea ice . ) 

The sur face air  temperature s U.Ulated by the models over the 
Southern  Hemisphere oceans is in reasonable agreement with the observed 
sur face air  temperatures . This , of course , is not surpr ising ,  for the 
under lying sea sur face temperatures are prescr ibed and , therefore ,  
strong ly constrain the sur face air  temperatures . In fact,  the sur face 
air  temperature error s that are displayed by the models over the oceans 
may reflec t ,  to a large extent , the d i fferences among the observed sea 
sur face temperature data sets shown in Table 1 .  Consequently , to 
validate the AGCMs over the ocean , it  is necessary to caapare the ir 
s imulated sur face fluxes of heat (and moisture and momentua) , in 
addition to the ir surface air  temperatures , with the observations 
insofar as possible . 

The sea-level pressures s imulated by the models are in reasonable 
agreement with the observed sea-level pressures in the Southern 
Hemisphere subtropics in both summer and winter . The models are less 
successful in simulating the SPT around Antarctica , generally plac ing 
i t  equatorward of its observed position , with an intensity that is too 
weak . The OSU model simulates the summer SPT with saae f idelity , while 
the NCAR model s imulates the winter SPT reasonably well . Only the UCLA 
model reproduces both the summer and winter SPT with some accuracy . As 
this model has the highest hor izontal resolution of all the gr id point 
models (Table 1) , its comparatively super ior per formance suggests that 
hor izontal resolution may be an important factor in simulating the SPT 
reasonably well . This conjecture is given some suppor t by the weak SPT 
s imulated by the g r id point model with the lowest hor izontal 
resolution , namely , the GISS model .  In any case , the models ' 
· relatively poor s imulation of the SPT is tantamount to the s imulated 
sur face geostrophic wester ly winds being generally much weaker than the 
observed geostrophic westerly winds . This sur face-wind error is likely 
to cause ser ious errors in the simulated sea sur face temperatures and 
oceanic c irculation around Antarctica when the AGCMs are coupled with 
dynamic models of the ocean . 
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The aea-level preaaurea ataulated over Antarctica by all the models 
are higher than the observed aea-level preaaurea by fro. 20 to SO mb in 
winter . It ia likely that theae er rors are due in part to the methods 
used to reduce the aur face pressure to sea level over the great 
elevation of moat of Antarctica . However , the fact• that the ataulated 
aurface air te8peraturea are warmer than the observed temperatures and 
the prescr ibed aur face elevation leas than in reality suggest that the 
sea-level preaaurea should be underestimated by the models . Also ,  not 
all the model• overestimate the Antarctic sea-level pressure in aummer J 
the GISS and OSU models g ive a reasonably accurate representation , and 
the UCLA model considerably underestimates the observed sea-level 
preaaure .  This finding suggests that at least part of the winter 
sea-level pressure error s represents an actual er ror in the 
d istr ibution of maaa over Antarctica . This conjecture is  g iven aa.e 
support by the models ' undereattmate of the SPT, an error that occur s 
over the ocean and , therefore , c lear ly is not due to any reduction in 
sea-level er ror . 

The Jaeger ( 1976) prec ipitation observat ions show a prec ipitation 
maximum greater than 5 mm day-1 at 60°S around much of Antarctica in 
aum.er (January) , and a prec ipitation minimua leas than o . s mm day-1 

at  60•s , also around much of Antarctica in winter (July) . Hone of the 
models simulates the observed summer maxtaum , and only two of the 
models display prec ipitation rate features that bear some resemblance 
to a minimua, albeit weaker and more equatorward than that observed . 
However ,  the absence of these summer and winter prec ipitat ion extremes 
in the model simulations may not be er ror s ,  because the M5ller ( 1951)  
seasonal prec ipitation observations (December-January-February and 
June-July-August) show neither the summer maximum nor the winter 
minimum. 

on the other hand , both the Jaeger ( 1976) and Maller ( 1951) 
observations show a prec ipitation maximum in excess of 5 mm day-l 

located off the west coast of south Amer ica near s o • s  in summer and 
45°S in winter . Moat of the models are not successful in s imulating 
this precipitation maxiaum. The GI'DL model ataulatea a aumaaer maxiaum, 
but with half the observed intensity and no winter maximum J the NCAR 
model s imulates the winter maxiaum, with about the observed intens ity 
but no au..er maximua J and the GISS , GLAS ,  and OSU models simulate 
neither maximum. Only the UCLA model reproduces the prec ipitation 
maxtaua in both summer and winter . 

The prec ipitation s imulated by the models is generally larger than 
the observed prec ipitation over East Antarctica and leas than that 
observed over the Palmer Peninsula and the coast of Ellsworth Land . 
However , the latter may not be a s imulat ion error because the M5ller 
( 1951) prec ipitation observations are about half the Jaeger (1976) 

prec ipitation observations in this  reg ion . Although a prec ise 
·caapar iaon between the s imulated and observed prec ipitat ion rates over 
the Antarctic inter ior cannot be made for all the models because of the 
lack of suffic iently a .. ll contour levels , the models generally appear 
to overestimate the observed rate by a factor of about 2 .  

Finally , the results fro. the predecessors o f  two o f  the models 
considered here show an absence of cyclogeneaia over the east coast of 
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South Amer ica and southeast of Afr ica . As suggested by Mechoao et al . 
( 1979) , this may be a consequence of the models ' smoothed 
representations of the Andes Mountains and the Afr ican Highlands .  On 
the other hand , the results of Mechoao ( 1981) shown in Figure ll 
suggest that if  the elevation of Antarctica were raised , more cyclones 
would fora off the coast of Antarctica in apparent further diaagree .. nt 
with the observations . 

The following recommendations are baaed on the discussion presented 
here and the author ' s  review of th� simulations of 002-induced 
climatic change . 

Model validation : Bow well do AGCMa a tmulate the present Antarctic 
c ltmate? 

1 .  Observations should be cr itically appraised and their 
standard errors quantified . 

2 . Compar ison should be aade of the models ' s imulated 
var iables in the free atmosphere , such as temperature , winds , moaiture , 
and clouds , with observational data . 

3 .  The models ' simulations of cyclogeneaia and cyclone tracks 
should be compared with observations , for example , by the method 
proposed by Trenberth (see Attachment 3) . 

4 . The components of the sur face energy budget (solar 
radiation , upward and downward longwave radiation , sensible and latent 
heat f luxes) s imulated by the models should be compared with 
observations . 

s .  These recommended compar isons should be extended to as 
many AGCMa as poss ible . 

Model sensitivity studies : How a re the AGCM atmulation 
e r rors produced and how can they be cor rected? 

l .  The reasons that moat models underestimate the intensity 
of the Antarctic subpolar trough should be determined , as well as the 
r easons that moat tmprovementa in this feature result in the generation 
of an •Arctic subpolar trough . •  

2 . An effort should be aade to determine whether the errors 
in the s imulated surface air temperatures , prec ipitation rates , and 
cyclogeneaia result from the prescr ibed orography being too low in 
elevation and too saooth . 

3 . Whether sea-level pressure errors over Antarctica are due 
to an er roneous method of reduction to sea level or represent an error 
in the d istr ibution of mass should be determined . 

AGCM-ocean model simulations of OOz-induced cliaatic change : Bow 
do models simulate co2-lnduced climatic change ? 

l .  The models ' s imulations of the present climate , which are 
used as the controls for the enhanced 002 climates , should be 
comprehens ively documented , with particular attention to the 
c ryoapher ic var iables , namely , sea ice and snow. 
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2 . Studies should be per for.ed to ascertain the statistical 
s ignificance of the models ' a �ulated climat ic changes . 

3 .  The models ' statistically s ignificant cl �tic changes 
should be analyzed to determine the role of the predicted cryoapheric 
components in the warming and the acceleration of the hydrolog ical 
cycle and the effects of the climatic change on the unpredicted 
cryoapher ic components such aa the west Antarctic Ice Sheet and shelves . 
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A'l'TACIIMBNT 10 

OR MODELING THE OCEANIC BRVIRORMBRT OF WEST ANTARCTICA, 
INCLUDING CO,-INDUCBD CHARGES 

Albert J.  Semtner , Jr . 
Rational Center for Atmospher ic Reseatch , BOulder 

One way in which the ocean can influence the mar ine ice sheet of West 
Antarctica is  through the atmospher ic response to changes in sea 
sur face temperature (SST) and in sea ice . The f ields of SST and sea 
ice are determined by processes of oceanic heat transport and heat 
storage and by exchanges at the sea surface . In many parts of the 
world ocean , there is an approximate balance between local heat storage 
in the mixed layer and surface exchanges , so that the treatment of the 
upper ocean as a slab of constant heat capac ity g ives a fairly good 
seasonal cycle of SST as well as an estimate of the annual mean value . 
Manabe and Stouffer ( 1980) assumed that the entire world ocean could be 
treated in such a way r they were able to predict , at least 
approxt.ately , the climatic changes near Antarctica that would result 
from quadrupling the concentrat ion of C02 in the atmosphere (cf . 
Figure 1) . The changes in the vic inity of west Antarctica included 
d isappearance of sea ice , increases in SST and a ir temperature by 
several degrees , and prec ipitation increases on the order of 0 . 1 m 
year -1 • The atmospher ic changes are not large enough to influence 
the mar ine ice sheet from above on time scales of a few hundred year s 
( Bentley 1983) . on the sur face , therefore , it seems that oceanic 

changes will have little effect on glac ial  ice . 
� see that the ocean might have a large influence on the west 

Antarctic , one must consider the subsur face oceanic processes in th i s 
reg ion . Jacoba et al . ( 1979) have documented intrusions of relatively 
warm water at 250-m depth along the Boas Ice Shelf Barr ier (see Figure 
2 ) . The ir measurements poleward of 82°S  beneath the ice shelf ind icate 
that basal melting of 0 . 25 m year-1 may be occur r ing as a result of  
the warm inflow. Gordon ( 1983) indicates that changes in pycnocline 
stability alone , due to sur face C02 effects , could increase the 
temperature of the warm intrusions by o . s•c1 This r ise in temperature 
might increase basal melt ing to o . s m year- • Bentley (1983 ) 
speculates that i f  basal melting were to increase to 1 m year -1 due 
to additional c irculation changes ,  then unpinning of the ice shelf 
might occur in 100 years , followed by destabilization of the grounded 
portion of the ice sheet on a time scale of several hundred years .  
Thus , a proper treatment of C02 influence on West Antarctica mus t  
deal with the three-dimensional ocean c irculation i h  that region . 
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Figure 1 .  SOme results from the C02 quadrupl ing study of Manabe and 
Stouf fer ( 19 80 )  • 
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Figure 2 . Ross Sea observations of Jacobs et al .  ( 1979) • 

Figure 3 ( from POster and carmack 1976) clear ly i llustrates that 
warm intrusions of c ircumpolar deep water (COW) also occur over the 
Wedde ll Shelf , where local mixing processes , both along

· 
and across 

isopycnals , lead to the formation of Antarct ic bottom water (AABW) .  As 
indicated in Figure 4a , mer id ional c irculations on a global scale are 
involved in br ing ing warm water onto the Antarctic cont inental shelf to 
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Figure 3 .  Wedde l l  Sea observat ions o f  POster and Carmac k ( 1976) . 
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Pigure 4 . Mer idional c irculation of the wor ld ocean , (a)  as inferred 
f rom observations (Gordon 1971)  and (b) as computed by an ocean 
c irculation model (Cox 197S) . 

promote melting of ice shelves . An important component in the whole 
system is  North Atlantic deep water (NADW) , whose rate of production 
may s ignificantly affect interhemis�her ic transports of heat (Rooth 
1982) . 

The c irculations infer red f rom water mass analys is in Pigure Sa 
have been reproduced in a nume r ical ocean mode l having 200-km g r id 
spacing , which is initialized with observed temperature and salinity 
and integrated for 2 year s with observed wind forcing (Pigure 4b) . 
That same model of Cox ( 197S)  also shows hor izontal transport patterns 
(Pigure Sa ) comparable to those infer red from data (Pigure Sb) , 
although the steady mode l cur rents lack the mesoscale var iability that 
is observed (cf . Cheney et al . 1983) . The mesoscale var iabil ity of the 
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Figure 5. (a) Streamlines of mass transport from the model of Cox 
( 1975 ) .  (b) Streaml ines of surface currents infer red from the observed 

density f ield (Levitus 198 2) .  
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Antarctic circumpolar cur rent (ACC) is implicitly included in Cox ' s  
model by the prescr iptions of eddy diffusion coeffic ients J that i s ,  
� • 8 x 104 m2 s-1 and Aft • 103 m2 s-1 for hor izontal 
diffusions of momentum and beat , respectively , with KM • lo-4 m2 s-1 

and K8 • lo-4 m2 s-1 for the corresponding vertical processes . 
The value of Aa is reasonable on the basis of observations in the 
Drake Passage (Bryden 1979) and idealized model studies with resolved 
eddies (Bee Pigure 6 ,  from McWilliams et al . 1978) . However , the 
latte r study suggests the values � • -3 x 10 3 m2 s-1 and � • 1 . 0 m2 s-1 , 
as a result of baroclinic instability .  Momentum converges hor izontally 
into the core of the cur rent and is transferred downward by eddy 
processes (e . g . , form drag ) and lost to the bottom by friction . Cox ' s  
model misrepresents these fr ictional processes with a dominance of 
hor izontal diffusion . 

Since Cox ' s  ( 1975)  study , the Antarctic ocean bas been included in 
a number of studies employing a coarser  hor izontal gr id than his 
( typically with 500-km spac ing ) and (of necess ity)  larger values of 
AB and � by factors of 2 or more and 10 , respectively . The large 
m ixing coeffic ients led to underestimates of transport by the ACC (see 
Table l and Pigure 7a ) and unrealistically warm SST in the Antarctic 
( see Pigure &) . However , much of the unrealistic SST pattern in the 
GPDL model of Bryan et al . ( 1975)  is  caused by unrealistic model wind 
forc ing (see their Pigure 4 ) J in the NCAR simulation of washington et 
al . (1980) , a large value of A! • 2 x 104 m2 s1 distorted the 
SST pattern . When As • 2 x 10 was used by Meehl et al .  ( 1982) ,  
the NCAR model showed better ability to s imulate observed ocean beat 
transport ,  including transports by individual oceans (see Pigure 9) . 
The simulation of Ban and Gates ( 1984)  g ives a good representation of 
SOuthern OCean beat transport us ing 500-km hor izontal g r id spacing , but 
hor izontal mass transports are still too low in relation to 
observations . 

�roved modeling of the hor izontal motion f ield in the Antarctic 
reg ion will require a g r id size that allows the coeffic ient of momentum 
diffusion to be of the order of 10 3 m2 s-1 . A 100-km or less 
g r id size is needed in this case , on the bas is of numer ical 
cons iderations (Bryan et al . 1975) . It  is suggested that reg ional 
s imulations of the Antarctic be attempted at this resolution and that 
some consideration be g iven as well  to incorporating the effects of 
negative viscosity and eddy form drag in the vic inity of strong 
currents . A dependence of vertical beat diffusion on stability should 
also be included (cf .  Gordon 1983) . 

To the author ' s knowledge , there are no s imulations to date of the 
three-dimens ional c irculations near the continental shelves shown in 
Figures 2 and 3 .  Proper modeling o f  features like these i s  essential 
to a valid assessment of the 002 effects in West Antarctica . A 
recent s imulation of the Arctic ocean shows some promise in being able 
to mode l analogous phenomena in that reg ion with 100-km g r id spac ing 
and 13 vertical levels . Pigure l Oa shows the intermediate-level 
c irculation at 560-m depth in the Arctic ocean and Greenland Sea , as 
predicted by a model (Semtner in press ) . Convergent flow toward the 
shallow continental shelf allows the warm Atlantic water to r ise and 
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lnatantaneoua atreamfunction patterns on aelected daya durinc the equilibrium 

'nme aftnled atreunfuJM:tion pattern� 

Figure 6 .  Some results from eddy resolving s imulations o f  the 
Antarctic by McWilliams et a l .  ( 1978) , both for a flat bottom ( LB) and 
for a topographic bump (TB) . 
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�ble 1 .  Dif fusion Coef f ic ients and Drake Passage Transports from 
Var ious WOr ld Ocean S imulations 

washington Bryan Meehl Ban and Gates 
Cox et a l .  et al . et al . (unpublished 
( 1975)  ( 1980) ( 1975) ( 1982) Manuacr ipt } 

At! 103 m2 s-1 2 X 104 2 . 5  X 103 2 X 103 2 X 103 

AI( 0 . 8 x 10 5 m 2 s-1 10 6 0 . 8  X 10 6 10 6 0 . 8 X 10 6 

,. 1 86 m3 .-1 50 22  105 85 

f low onto the shelf . Figure lOb shows a local maximum predicted by the 
mode l in the temperature f ield at 175  m at the mouth of the Kara Sea . 
This behavior is  cons istent with observat ions ( Banz l ick and Aagaard 
1980) . Thus , the intrus ion of an intermed iate-water mass onto the 
continental shelf appear s  to be proper ly modeled . Cyc lonic wind 
forc ing in th is area i s  s imi lar to that near the Antarct ic cont inenta l 
s he lves . 

Table 2 outlines a plan for model ing the re sponse of the Antarct ic 
Ocean to C02 increase , based on some of the previous considerations . 
The plan is  computat ionally feas ible at the present t ime , and it should 
lead to mean ing ful qual itative ins ights into the West Antarctic 
response . More quantitative model s imulat ions could be designed on the 
bas i s  of the results obtained , us ing improved parameter izat ion& and 
more realistic forc ing and geometry . 
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COWUTED OCEAN aR£NTS. SECOND LAYER - JAIIJMf'( 
- 0 

- 0 -

Figure 7 .  Some results from coar se g r id s imulat ion o f  washington et 
al. ( 1 9 8 0 ) . 
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GFDL 

NCAR 
120 Ill 

Figure 8 .  Annual average SST d i f ferences (computed minus observed from 
coupled model stud ies at GFDL and at NCAR. ( From washington et al . 
1980 . ) 

Copyright © National Academy of Sciences. All rights reserved.

Environment of West Antarctica, Potential CO2-Induced Changes:  Report of a Workshop Held in Madison, Wisconsin, 5-7 July 1983
http://www.nap.edu/catalog.php?record_id=19419

http://www.nap.edu/catalog.php?record_id=19419


208 

0) CQWIQNDfTI 01 ANNUAL. OCIAN HEAT TIUNSPCin' 
IO ��r?��������� 
1.0 
0 ���������--.� 

' -10 .! 

;-.. 

b) 

-50 

TOTAL ANNUAL OCEAN HEAT TRANSPORT 
OBSERVED ESTIMATES 

� �_.����������� N IO  10 40 ZO 0 ZO 40 10  lO S  
LATITUDE 

(a)  Annual mean zonally avcnpd _. heat tralllpllr\ 
rcw the lllsic caM; (b) oblcrved atimata ol total annual -n 
heat tranaport. 

COIFONENTS OF ANMJAL OCEAN HEAT TRANSPORT 
zo ���rT��rT��rT� 

10 

I 
_ .,.. .,_. 
___ _ ,_, -·····- Dot'- ,_ 
--·- .... "-' 

N IO  10 40 ZO 0 20 40 10 lO S  
LATITUDE 

Annual IIICIIn -n:r awwapd _. madcl heat 
tranapon rcw the decreued heat dill'uaion eaperimctlt. 

-· 

OCEAN BA$111 HEAT TRANSPORT 

_ .. _.....,.. 
___ ...., .. 
_ .,.. 
L11M Llll •....._.. ClMOt 
_, Llll •,... ...... 

Mcridiaul cirallatiotl -piii'ICIIt ol heat truapon fr.� 
- madcl (decreulcl heat dilruliorl UJIIrimeat) few eKil -
bain, allll oblcMII atimata ol net -• buill heat truaport 
fn1111 Hallellrath ( 1910). 

Figure 9 .  Aspects of ocean ic heat transport from stud ies with models 
and observations . (Prom Meehl et al . 1982) . 
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P RE D I CTE� C I RCULAT I DI 

All TEMPE RATURE OF THE ATLAIT I C  

LAYER AT 510 M DEPTI 

SOL I D  AlRDV : FLDV OF � . 1  eM/SEC 

T AT 175 M ( C I  • D . 7 • C ) 

Figure 10 . An Arc t ic s tmulat ion of  the penetrat ion of warm 
i ntermed iate water onto the cont inental shelf in  the Kara and Barents 
seas . (From Semtne r in press . )  
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Table 2.  Plan for Model ing the Response of the Antarct ic Ocean to 
C02 Increase 

( i ) Beg in with a reg ional mode l having intermed iate g r id s ize ( lOO 
km) . 

( i i )  Parameter ize eddy e ffects a s  suggested by eddy resolving QG 
stud ies : Aar �' KM. 

( i i i )  Allow Ka to depend on N and Ri . 

( iv )  Use pr imit ive equat ions with prognost ic temperature and 
sal in ity and the nonl inear equat ion of state . 

( v ) Spec i fy idealized geometry but not zonal symmetry . Provide 
adequate ver t ical resolut ion (> lO leve ls ) . 

(vi ) Include indented deep cont inental she lf (Weddell Sea) , 
part ially blocked channel ( Drake Passage) ,  and topography 
( Scotia Ridge ) . 

( v i i )  Prescr ibe seasona lly vary ing , zonally symmet r ic w ind forc ing . 

(vi i i )  Ideal ize the treatment of sur face energy f luxes . 

( ix)  Include thermodynamic-dynamic ice cover and (melting )  ice shelf . 

(x)  Spec ify NADW temperature and transport in some fa�h ion . 

( x i )  Try to reproduce known aspects of the general c irculat ion 
(espec ially AABW formation and ACC transport) .  

( x i i )  Cons ider e f fect of inc reased sur face heating and prec ipitation 
(ala Gordon) . 

( x i i i )  Cons ider e ffect o f  r educed NADW transpor t (ala BOoth) . 

(xiv )  Cons ider e ffect of  a change i n  wind forc ing . 
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POTENTIAL BFPECT OF C0 2  WAIMING ON 
SUB-ICE-SBBL!' CIRCULATION AND BASAL MELTING 

D .  R. MacAyeal 
Un ive r s ity of Ch icag o 

INTRODUCTION 1 'lWO CIRCULATION MODES 

Me lt ing below both the Ross and Ronne -Fi lchne r ice shelves may result 
from the ocean c irculat ion ' s  hav ing two par ts , with each par t 
vent ilating separate port ions of the respective sub-ice-shelf cav i t ies 
(S . s .  Jacobs and R.  G. Fa i rbanks , unpubl i shed manuscr ipt ,  1983) . This 
v iewpoint , although reflect ing a cons iderable degree of  speculat ion , 
ar ises from an observat ional water �ass census of both the Ross and 
Weddel l  seas (see s .  s .  Jacobs and R. G . Fai r banks , unpubl ished 
manuscr ipt , 1983 , for a deta i led r ev iew) , suggest ing that f low below 
t he ice shelves is  d iv is ible into two separate hydrog raph ic and 
geochemical categor ies . The input and output wate r masses compr is ing 
one category are d ist inct f rom those compr is ing the other category 
because they occupy a d i f ferent leve l of the water column and , 
therefor e , are assoc iated with basal melting below a d i f ferent 
ice-shel f  sect ion . This d istinct ion mot ivates the two-par t-c ircu lation 
hypothesi& J however , cur rent�eter data are still r equ ired for 
ver if icat ion and to reveal the governing dynamics . 

The deep mode of sub-ice-she lf c ircu lat ion is character i zed by 
s .  s . Jacobs and R. G. Fairbanks (unpubl i shed manuscr ipt , 1983)  as 
follows : (a)  penetration of h igh-sa l inity bottom water ( the Ross Sea 
ver s ion is called h igh-sal inity shel f  water , and the Weddel l  sea 
vers ion is called western shel f  water )  into the seafloor depressions 
below the ice shelves J (b)  basal me lting in areas far from the ice 
f ront , where th is dense water mass (having a temperature several tenths 
of a degree Ce ls ius above the basal me lting po int) is in contact with 
t he ice -shelf base J and (c ) outflow of a melt-laden of fspr ing water 
mass ( re fer red to as deep-ice-shel f  water (DISW) by Jacobs and 
Fa irbanks)  at depths generally in excess of 400 m . Basal melt ing 
assoc iated with th is c irculation may be restr icted to approximately 1 0  
percent o f  the total ice-shel f  area c losest to the g rounding ice l ine 
and is expected to be between o . o s and o . s m year-1 • Figures l and 2 
d isplay the d ispos it ions of h igh-sal inity bottom water and DISW as 
obse rved along the ice f ronts of the Ross and the ROnne-Filchne r ice 
s he lves ,  respect ive ly .  

2 1 2  
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Figure l .  Sal inity and temperature ( relat ive to the in s itu freez ing 
point) are plotted along the ice f ront of the ROss Ice Shelf . The deep 
mode of c irculation cons i sts of inflow of h igh-salinity shel f water 
( BSSW) and outflow of deep-ice-she l f  water ( DISW) . The shallow mode of 

c irculat ion cons ists of inflow of warm core water (WMOO) and outf low of 
shallow-ice -shel f  water ( S ISW) . ( From Figure 6C of s .  s .  Jacobs and 
R. G. Fa irbanks , unpubl ished manusc r ipt , 1983 . ) 

The shallow mode of sub-ice-shelf c irculat ion is  character ized by 
Jacobs and Fa irbank s as follows : (a)  penetrat ion of warm , offshore 
water (der ived from c ircumpolar deep wate r )  into sect ions of the 
sub-ice-shel f  cavity having shallow ice-she l f  draft J (b)  melt ing nea r 
the ice front (meltwate r der ived f rom th is warm , offshore water mass is  
obse rved be low the Ross Ice She l f  at J9 , but basal freez ing cond it ions 
at J9 suggest that this meltwater is advected f rom melt ing s ites c loser 
to the ice f ront) J and (c ) outflow of a me lt-laden offspr ing water . mass 
( refer red to as shallow-ice-shel f  water by Jacobs and Fa irbanks )  at 

shal low depth . Basal melt ing assoc iated with th is mode of c irculat ion 
i s  expec ted to be between o . s  and 1 . 0  m/year ove r  the 10-25 percent of 
the ice-shel f  area c losest to the ice front . As d isplayed in Figures 1 
and 2 ,  the inflow ing is conf ined to cores of  maximum temperature J thus , 
it is  commonly called warm core water (WMOO) (S . s .  Jacobs and R . G. 
Fa irbanks , unpubl ished manuscr ipt , 1983) . 
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F igure 2 . Salinity and temperature plotted along the ice front of the 
Ronne-Pi lchne r Ice She lf .  Character istic water masses a i•ilar to those 
in Figure 1 are ind icated . ( Pro. Gammelarod and Slotavik 1981 . )  

EVOLUTION OP WATER MASS DEDUCED PROM OXYGEN-IS�PE RATIOS 

By far the moat convinc ing evidence of the two modes of c irculation 
comes from geochemical observat ions in the Rosa and Weddell seas (S . s . 

Jacoba and R. G .  Fa irbanks ,  unpublished manuscr ipt , 198 3 J  We iss et al . 
1979) . Glac ia l ice der ived f r91 snowfall at the sur face of the west 
Anta rctic Ice Sheet has an 82 

1 �/82 16o (!d l8o) ratio 
rang ing between -35 and -45 percent . Thus , the ca.poaition of any 
g iven water mass will evolve pred ictably in response to d i lution by 
f resh and iaoto,ically l ight meltwate r . Figure 3 ind icates how the 
salin ity and d1 0 of h igh-salin ity she l f  water (HSSW) and WMOO are 
altered to form DISW and shallow-ice-shelf water (SISW) by basal 
melting be low the Rosa Ice Shelf . The fact that S ISW and DISW l ie 
approx imately within the ca.poa ition enve lopes atta inable by glac ia l  
melting f rom the two respect ive parent water masses i s  the beat 
evidence for two c irculation modes . 
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Numer ical s imulat ions to date have been of l imited use i n  determining 
the character istic s  and causes of  sub-ice-she lf c i rculation s imply 
because r e lat ively l ittle e f for t has been devoted to this problem . 
Killwor th ( 1974) , for example , has investigated a h igh-sal inity 
bottom-water formation i n  the Ross and Weddell seas by employ ing a 
two-leve l mode l of geostrophic f low forced by the heat and salt 
budgets . He conc luded , as d id Gill ( 1973) , that offshore advect ion of 
sea ice in  winte r  ampli f ies the sea sur face salt f lux near the coasts 
and a llows deep convect ion suf f ic ient to produce h igh-salinity bottom 
water from 5 to 1 0  times in  exces s  of its estimated demand below the 
ice she lves (MacAyeal 1983) . 

Mor e  r ecently , MacAyeal ( 1 983)  conducted a numer ical invest igat ion 
of the ocean t ides below the Ross Ice Shelf . The two most promising 
r esults f rom h is analys is are that ( a )  t idal f ronts may form be low 
ice-shelf sections having high draft , whe r e  DISW i s  presumed to 
o r ig inate , and (b)  tidally dr iven barotropic c irculation (tidal 
rectif ication) occur s  at the ice-f ront s i te wher e  WMCO is  observed 
e nter ing the sub-ice-shelf cavity .  

MacAyea l • s  ( 1983)  investigation o f  t idal-front formation was 
motivated by Gill 1 s  ( 19 7 3 )  hypothesis that (a)  strat i f icat ion 
suppresses basal melting , and (b)  erosion of strat i f ication by strong 
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Figure 3 .  The product ion of S ISW and DISW ( see Figure l )  from WMCO and 
HSSW by basal melt ing i s  d isplayed on this d iagr am  of observed sal inity 
versus H2 

l8o/H2 
l 6o r at io .  The envelopes labeled GM r epresent 

t he water -mass prope r t ies atta inable by basal melting f rom input WMOO 
and HSSW . The sol id l ines approximately parallel to the sal inity axis 
r epresent alter nat ions by f reez ing and remelt ing of basal sea ice . 
( From Figure 6C of s .  s .  Jacobs and R. G .  Fa irbanks , unpubl ished 

manusc r ipt ,  1983 . )  

vertical m ix ing i s  necessary to catalyze basal melt ing . Gill ' s  
hypothesis i s  suppor ted by the obse rved hydrography be low the Rosa Ice 
Shelf at J9 shown in Figure 4 .  The ava ilable oceanic heat be low J9 is 
isolated f rom the ice-shelf base by an intervening layer of cold but 
f resh meltwater . Strong t ides observed in the southern Rosa Sea 
(Will iams and Robinson 1980)  suggest that t idally induced ver t ica l 

m ix ing can e rode sub-ice-shelf strat i f icat ion suf f ic iently to catalyze 
basa l melting . 

As shown in Figure S ,  MacAyeal ( 1 9 8 3) found that a complete ly 
we ll-mixed water column could be ma inta ined near the ground ing l ine in 
the southeastern par t  of the sub-ice-shelf cavity . Tidal f ronts of the 
sor t commonly observed in the shal low seas off nor thwestern Europe 
( Fearnhead 1 9 7 5) are expected to separate the zones of ver t ical 

homogene ity from the zones of strong strat if ication . The impor tant 
r esult of  thi s  numer ical pred ict ion is that the zones of strong 
ver t ical mixing cor respond with sect ions of the sub-ice-shelf cavity 
where DISW i s  presumed to or ig inate . MacAyeal ( 1 983) , therefore , 
speculates that the deep mode of c irculation and conver s ion of 
h igh-salinity bottom water into DISW is u lt imately dr iven by strong 
tidally induced ver t ical mix ing and melting along the ground ing l ine o f  
the west Antarctic Ice Sheet .  
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Figure 4 .  The observed temperature ( 9 )  and sal in ity ( S) prof iles 
below the Ross Ice She lf at the J9 d r i l l  camp . ( From MacAyeal 1 9 8 3 . ) 

Figure 6 d isplays the c ross-ice-f ront penetration o f  imag inary 
t race r s  result ing f rom the t idal r ec t i f icat ion s imulated in MacAyeal ' s  
( 1983)  study . Althoug h the rate of  penetrat ion i s  insuff ic ient to 
e xpla in the shallow mode of sub-ice-shelf c irculat ion , the observed 
inflow of WMCO cor responds with the s ite of strongest s imulated 
sub-ice-she l f  inflow j ust nor thwest of Rooseve lt Is land . 

POTENTIAL C02-INDUCED CHANGES 

I t  i s  beyond the scope of  this pape r to present a deta i led project ion 
of how sub-ice-she lf c irculat ion and basal me lt ing might be alte r ed by 
increased leve ls of a tmosphe r ic co2 • The bas ic strategy of this 
proj ec t ion , however ,  may be summar ized by the following quest ion : How 
will the two mode s of sub-ice-she l f  c i rculat ion respond to sea sur face 
warming ?  

Under present cond itions the deep mode of c i rculat ion is buf fered 
from summer changes in sea sur face temperature because the inf lowing 
h igh-sa linity bottom wate r is  formed in winter and , therefore ,  is 
constra ined to have the sea sur face freez ing temperature (only several 
tenths of  a degree Celsius warmer than the me lting temperature of the 
ice-shelf base) . �r 002 to alte r  the deep mode of c irculat ion , the 
w inter product ion of sea ice and the subsequent deep convect ion 
r equi red to form h igh-salinity bottom water must be reduced 
d r amatically . 
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THE MELT RATE NEEDED TO MAINTAIN 
STRATIFICATION (m/yr) 

Figur e  S . Shaded reg ions ind icate whe r e  t idal-energy d iss ipat ion is 
e xpected to cause ver t ically well-mixed water s .  Unshaded r eg ions 
ind icate where strat i f icat ion character ized by warm and salty water a t  
t he sea bed and cold me ltwater a t  the ice -shelf  base w i l l  suppress 
basa l me lt ing . Contour s  represent the min imum basal melting rate 
expected to def ine the pos it ion of the t idal f ronts separat ing 
ver t ica lly we ll-mixed wate r s  from strati f ied water s .  Sens i t ivity of  
t h is pos ition to e r ror of  the 0 . 0 5-m/year melt-r ate c r iter ion is  
reduced by the steepness o f  the minimum me lt-rate grad ient along the 
S iple Coast . The we ll-mixed reg ions pred icted near the ice front and 
in the open par t of the ROss Sea are probably incor r ect because o f  
large r basal me lt ing rates or other sea sur face bouyancy f luxes . ( From 
MacAyeal 198 3 . ) 

The shal low mode of c i rculat ion may incr ease i ts v igor in response 
to C0 2 warming i f  the southward flux of WMCO is augmented . Thi s 
i ncr ease i s  plaus ible because , under present cond i t ions , the f lux may 
be controlled by heat losses to the atmosphere dur ing trans it acros s 
t he open ROss and Wedde ll Seas . warming the sea sur face may reduce 
subsur face cool ing and allow more , or warme r , WMCO to reach the ice 
f ronts from the con t inental s lope . 
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MIXING INTO THE SUB-ICE SHELF REGION: 3 YEARS 

Figure 6 .  Tracer streak l ine s emitted from the ice f ront d i splay how 
t ida l rec t i f icat ion vent i lates the sub-ice-shelf cavity . After 3 yea r s  
o f  advect ion by the s imulated Lagrang ian-mean f low , trace r s  have 
penetrated far thest into the sub-ice-shel f  cav ity near the 
r ectif icat ion site nor thwest of Roosevelt Island and througn McMurdo 
Sound . Heat transport assoc iated with the ind icated water -parce l 
movement will  cause approx imately 0 . 5 � 0 . 2 5 m/year basa l me lting i n  
the reg ions penetrated by the trace r t rajector ies ( this reg ion 
compr ises 10 pe rcent of the total ice-she l f  area) . Hydrog r aphic 
observat ions in the open Ross Sea ind icate the presence of thermohaline 
c i rculat ion with areas of  sub-ice-she lf inflow and out f low . Th i s 
suggests that the t idally dr iven barotropic c irculat ion may se lect 
s ites of  strong thermohal ine f low assoc iated with basa l melting . ( From 
MacAyeal 1983 . ) 

FUTURE RESEARCH PRIORITIES 

It is  unnecessary to emphasize the strong need for more observat ions on 
sub-ice-shelf circulat ion , so the following l i st of recommended 
pr ior it ies w i ll concentrate on numer ical mode ling .  Future mode ling 
requirements may be separated into three categor ies : process-or iented 
mode ling , interaction-or iented model ing , and c l imate-or iented mode ling .  
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Process-or iented modeling is des igned to focus on c i rculations and 
forc ing mechanisms individu�lly in order to obtain a clearer knowledge 
o f  under lying dynamics .  Recommended modeling e f for ts of th is type 
should include : 

l .  Investigation of the oceanic f ronts at the marg ins of the 
continental shelf and the t idal fronts below the ice she lve s r 

2 . Invest igation of the dynamic constra ints imposed by the ice 
fronts r 

3 .  Renewed investigat ion of the production mechanism of 
high-sa linity bottom water r 

4 .  Investigation of basal sea-ice depos it ion on the ice shelves in 
nonme lting areas to better under stand the isotopic composition of basal 
ice and the isotopic evolution of sub-ice-she lf water masses . 

Interact ion-or iented mode l ing focuses on the ensemble of phys ica l 
processes operating in the ocean around west Antarctica i n  order to 
determine how they compete and which are most impor tant . Recommended 
model i ng e f forts of thi s  type include : 

1 .  Development of a pr imit ive-equation ocean mode l capable of 
r esolv ing baroc linic mot ions on the continental she lves and able to 
treat ice-shel f  topography r 

2 . The pr imitive-equation ocean model should be used to 
invest igate the seasonal cycle as we ll as interannual var iab i l ity r 

3 .  This model should be coupled with a sea-ice mode l .  

Climate-or iented model ing is  des igned to project the way that the 
ice-ocean-atmosphere system will r espond to increased anthropogen ic 
00 2 production . Three tasks may be ident i f ied : 

1 .  Determine which atmospher ic and oceanog raphic var iables control 
the ice shelves and ice sheets r 

2 . Run coupled ocean/ice , shelf/atmosphere models to project 002 
warming scenar ios r 

3 . Pred ict ( for the purpose of recommend ing observational 
mon itor ing programs )  which components of the West Antarct ic oceanic 
system will exhibit the g reatest initial and overall response to 002 
warming . 

CONCLUS ION 

I n  h i s  assessment of potent ial changes in the west Antarctic Ice Sheet 
induced by 002 warming , Bentley ( 1983) remar ked : •Acce lerated bottom 
melt appear s  to be by far the most l i kely mechanism by wh ich c l imatic 
warming could af fect the ice sheet rapidly . . . . Unfor tunately , l ittle 
is known about how to pred ict changes in ocean temperature and 
c i rculation underneath the ( ice shelves)  • • • •  Th i s  complex point is a 
c r itical weakness in our present abi l i ty to pred ict quant itatively the 
response of the West Antarctic Ice Sheet to 00 2-induced tempe rature 
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change . •  Bentley ' s  assessment cor rec tly summar i ze s  the present 
sc ient if ic progress on sub-ice-shelf c i rculation . Progress i s  
ant ic ipated , however , as a result of relative ly stra ightforward , ye t 
previously untr ied , numer ical modeling expe r iments that will .  accompany 
a growing set of observations . 
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A'l"l'ACHMENT 1 2 

MODELED AND OBSERVED SEA-ICE VARIATIONS IN THE 
WEST ANTARCTIC AND SURROUNDING REGIONS 

Cla ire L. Par k inson 
Goddard Laboratory for Atmospher ic Sc iences 

NASA/Goddard Space Pl ight Cente r , Greenbelt , Maryland 

OBSERVATIONS 

The mean lat itude of the ice edge in the southern Ocean undergoes a 
strong , smooth year ly cycle from its most poleward pos ition of about 
6 8 • s  in late February to its most equatorward pos it ion o f  about 61°S  in 
late September ,  lagg ing the cyc le of zonal ly averaged temperatures 
( 60° -70° S)  by about- 1 . 5 months ( Figure 1) . At the winter max t.um , sea 
ice cove r s  roughly 2 0 x 1 06 km2 , with the ice edge occurr ing 
between 60° and 65°S  in the Bell ing shausen , Amundsen , and Ross seas and 
between 55°  and 60°S  in the Weddell Sea and around much of East 
Antarct ica . After spr ing and summe r me lt , the minimum ice coverage i s  
r oughly 4 x 1 06 km2 , the bulk o f  the ice be ing i n  the 
Bell ingshausen , Amundsen , Ross , and , espec ia lly , western Weddel l  seas 
( Figure 2 ) .  Typical year ly r anges for the ice coverage in the seas of 

the Western Hemisphere are as fol lows : 1-7 x 1 06 km2 for the 
Weddel l  Sea ( 60°W-20 °E) , 0 . 6-2 . 8  x 1 0 6 km 2 for the Bell ingshausen­
Amundsen Sea ( l 300W-60 °W) , and o . s-4 x 1 0 6 km 2 for the Ross Sea 
( 160°E-l30°W) . 

Although the mean ice-edge pos ition does not exhibit small-term 
f luc tuat ions or inte rannual var iab i l i ty to the same extent as e ithe r 
the mean temperatu re or pressure (e . g . , see Figure 1 ) , the ice cover 
shows ve ry noticeable interannual var iations when v iewed spatially , on 
a reg ion-by-reg ion bas is . Many of these can be eas i ly expla ined by 
atmospher ic phenomena . ror example , a prominent bloc k ing high j ust 
nor th of the Bel l ingshausen Sea in July o f  1973  caused warm air  to be 
pumped into that reg ion , lead ing to an unusual July retreat of the ice 
edge (Ackley and Ke l iher 1976) . 

Several add i t ional r ecent stud ies fur ther i l lustrate the impacts of 
the atmosphere on the ice , the ice on the atmosphere , or s imply the 
concomitant changes in the r espect ive f ie lds (e . g . , Ack ley 198l r Budd 
197 5 J Cava l ier i and Par k inson l981 J Lemke et al . 1980 r Par k inson and 
Cavalier i 1982) .  Signif icant influences of the ice on the atmosphere 
and oceans r esult f rom the following mechanisms : ice serves as a 
s trong insu lator , restr ict ing exchanges of heat , mass , and momentum 
between ocean and atmosphere J the h igh albedo of ice rela t ive to tha t 
o f  open ocean ensures that when ice i s  present there i s  cons iderably 
less sur face absorption of solar rad iat ion , the rejection of salt whi le 
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F igure 1 .  Mean latitude of the Southern Ocean ice edge and zonal mean 
temperature across the 6 0 ° -7 0 ° 8  lat itude band . ( From Par k inson and 
Cava l ie r i 198 2 . )  
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F igure 2 . Monthly ice g rowth and retreat in the southern Ocean , 
averaged over the 4 year s 1973-1976 . From Nimbus 5 ESMR data ( f rom 
zwally et al . 1983a) . 
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ice i s  forming and ag ing contr ibutes toward destab i l i z ing the uppe r 
ocean , leading at t imes to increas ing the depth of  the mixed layer or 
to format ion of bottom water . 

Because of  the remoteness of the Antarctic r eg ion , befor� the 
advent of satell ite imagery in the late 1960s the r e  was . l i ttle 
poss ibi l i ty of  deta i led and cons istent observational cover age of the 
Southe r n  ocean sea ice . What data exi sted on the large scale tended to 
be heav i ly interpolated . Although there are still  d i f f icult ies , the 
s ituat ion has much improved . Satellite data on the Antarctic sea-ice 
cover in the 1970s and 1 980s have inc luded v i s ible data f r om  Landsat , 
infrared data from the TIROS N/NOAA ser ies , and microwave data from 
N imbus 5 ,  6 ,  and 7 .  The v is ible and infrared data have the advantage 
of good spatial resolut ion , but the microwave data have the advantage 
of be ing unaffected by dar kness or c loud cover , thereby providing the 
oppor tunity for day/night , all-season coverage .  Therefore , the 
m icrowave data are probably the most appropr iate for c l imate stud ies . 

The most near ly complete , analyzed microwave data set cove r ing a 
span o f  more than a few months i s  that compi led for the 4-year per iod 
197 3-1976  from the e lectr ically scanning mic rowave radiometer (ESMR) on 
board the Nimbus 5 satellite . Although observations are unava i lable 
for some months , monthly average s have been constructed for the 
major i ty of months in the 1 9 7 3-1976 per iod ( Zwally et al . 1983a) . 
These averages revea l noticeable inte rannual var iations in the ice 
cover of  the west Antarc tic , with the conf igurat ions of  the ice cover s 
of the Weddel l ,  Bel l ingshausen , Amundsen , and Ross seas all showing 
s igni f icant var iations f rom year to year . Most impor tant , the se 
var iat ions are not un iform over the 4 year s .  Pbr example , the 
w inter -maximum ice area in the Ross Sea increased from 1973  to 1 9 7 5 ,  
then dec reased from 1975  to 1976 , wh i le the winter -maximum ice area i n  
t he Wedde ll Sea decreased f rom 1 9 7 3  to 1 9 7 4  and f rom 1 9 7 5  to 1976 , and 
increased from 1 9 7 4  to 1975 . 

A pr ime example of interannual var iations in the ice cover is the 
occur rence and nonoccur rence of the Weddell Polynya ( Figure 3) . Th i s  
polynya , a n  open-water reg ion cover ing from 1 to 3 x 1 0 5 km 2 in  the 
m idst of the sea ice off Queen Maud Land , d id not exist in the Southern 
Hemispher e  w inte r of 1973  but d id exist in the following 3 year s ,  its 
pos it ion shifting westward over t ime . Several stud ies have examined 
th i s  polynya ove r the past several yea r s , pr imary ones being by 
Mar t inson et al . ( 1981) , who expla in the polynya large ly on the basis  
of  oceanographic factor s ,  and by Par k inson ( 1 983) , who numer ically 
e xamines the impact of the wind f ields . 

The sho r t  leng th of the data set and the interannua l f luctuat ions 
make i t  d i f f icult to detect unambiguous ly any long-term trends in the 
West Antarctic sea-ice cover r however ,  some ove rall shi fts on the orde r 
o f  a few years have been notable . Us ing weekly maps of ice coverage 
produced by the Navy and the National oceanic and Atmospher ic 
Administration (NOAA) ,  Kuk la and Gav in ( 1981)  r epor ted a decr ease in 
the extent of summe r Antarctic sea ice of about 2 . 5 x 1 0 6 km2 

between 1973  and 1 980 and suggested the poss ib i l ity that co2-induced 
atmospher ic temperature inc reases might be the cause of the decrease s 
i n  sea ice . Although emphas i z ing summer , Kuk la and Gavin also show a 
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Figur e  3 .  
1 974-1979 . 
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comparable decrease in the 1 2-month runn ing mean ( Figure 4 ) . Such a 
d r amat ic decrease in the sea-ice cover can eas i ly be ove r inte rpreted . 
A longe r data record shows that the decrease in the mid-l970s was both 
preceded and succeeded by per iods of sea-ice incr eases ( Figures 5 and 
6 ) , so that there i s  not yet any def in i t ive ev idence for a 
C� -induced tempe rature r ise in the observat ions of the Southe r n  
Ocean sea ice ( Zwally et al . l 983b) . 

MODELING 

E f forts at model ing the sea ice of the southe rn Ocean have not been as 
numerous as those concerned with the Arct ic and , in general , have been 
conta ined in stud ies that cons idered the Arct ic and Antarctic jointly 
or that used mode ls or ig inally developed for the Arctic . Spec i f ically , 
the the rmodynamic calculations have der ived in large par t  f rom the 
detailed one-d imens ional (ve r t ical ) sea-ice calculat ions of Maykut and 
Unte r ste ine r ( 19 7 1 )  for the central Arct ic and the s implif icat ion of 
those calculat ions by Semtne r ( 1 9 7 6 ) . These calculat ions cente r on 
balanc ing incoming and outgoing ene rgy f luxes at the a i r /snow , 
snow/ice , and ice/wate r inter faces . The f luxes inc luded are sola r 
r ad iation , incoming and outgo ing longwave r ad iat ion , sens ible and 
latent heat , conduct ion through the ice and snow laye r s , an ocean hea t  
f lux ,  and the absorpt ion and emiss ion of energy due to the change of 
state between ice and water . 

The calculat ions of ice dynamics have s imila r ly followed the 
e f forts of Campbe ll ( 19 6 4 ) , the var ious mode le r s  of the Arct ic Ice 
Dynamics Joint Expe r iment (Coon 1 980) , and Hibler ( 19 7 9 ) , all aga in 
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Figure 4 .  Twelve-month running means of Antarct ic sea-ice area , 
1 97 3-1980 , for ice concentrat ions exceed ing l octa ( uppe r  curve ) , ice 
concentrat ions exceed ing 4 octas (middle curve ) , and the net ice area , 
exc lud ing leads , polynyas , and thin dar k  ice ( lower curve ) . ( Redrawn 
from Kuk la and Gav in 1981 . ) 

concentrat ing exc lus ively on the Arc t ic ,  and Par k inson and washington 
( 19 7 9 ) , s imulat ing for both hemisphe res . Bas ica lly , sea-ice dynamic s  
tend to be calculated through c reating a momentum balance involving the 
f ive major stresses act ing on the ice : a i r  stress , wate r stress , 
Cor iolis force , dynamic topog raphy , and interna l  ice resistance , with 
the major contrasts among the model s  coming in the ind iv idual 
formulat ions of those stresses . 

TOTAL NONSEASONAL ANTARCTIC ICE AREA 

73 76 77 18 79 80 81 
F igure 5 . weekly depa r ture of the Southern Ocean sea-ice area from the 
1 9 7 3-19 8 2  mean for the g iven week . ( From Chiu 1983 . ) 
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Figur e  6 .  July , August , and Novembe r Souther n  Ocean sea-ice areas from 
1 9 66 to 1 9 8 2 . ( From zwa l ly et a l . 1 9 8 3b . ) 

S ince the mid-19 70s , increas ing attent ion has been paid to mode ling 
t he Antarct ic ice . Pease ( 19 7 4 )  constructed a thermodynamic model for 
long itude 1 5 5 ° E  and tested it for three parameter izat ion& of the ocean 
m ixed layer . washing ton et a l .  ( 19 7 6 )  applied the Semtne r ( 1 9 7 6 )  
one-d imens iona l thermodynamic calcu lat ions to f u l l  two-d imens ional 
g r ids i n  both the Arc t ic and Antarct ic , add ing a lead parameter izat ion 
based , like the ice-th ickness calculat ions , on energy balances . 
Par k inson and wash ington ( 19 7 9 )  extended the wash ington et al . model to 
inc lude dynamics as we ll as thermodynamics ( Figur e 7 ) . More recently , 
Par k inson ( 19 8 3 )  has appl ied this mode l  to examine the growth and 
development of  the Weddel l  Polynya , and Par k inson and Bindschadle r 
( 19 8 4 )  have applied the mode l  to examine the impact on the Antarctic 

sea-ice cove r of uni form atmospher ic tempe r ature increases . 
In the meant ime , Hibler and Ackley ( 19 8 3 )  have appl ied the 

dynamic/thermodynamic mode l of Hible r ( 1 9 7 9 )  to the Wedde ll Sea . Th i s  
mode l employs a nonlinear v i scous plast ic r heology , mak ing the 
calculat ions of ice dynamics more elaborate than those of Par k inson and 
washing ton ( 19 7 9 ) , who incorporated inter nal ice resistance by 
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Figure 7 .  Seasonal cyc le o f  the distr ibut ion o f  Southern Ocean sea ice 
s imulated by a dynamic/thermodynamic sea-ice mode l .  Contour s  are ice 
th icknesses in meters , and st ippl ing ind icates areas of sea-ice 
concentr at ion exceed ing 90  percent . ( Rear ranged f rom Par k inson and 
washing ton 1979 . ) 

proport ionate ly r educ ing ice veloc it ie s  into those gr id squares where 
ice convergence i s  produc ing concentrat ions exceed ing 9 8  percent . 
Hibler and Ack ley f ind the need for dynamics in the mode l calculat ions 
to be strongest dur ing the decay phase of the seasonal cycle , when the 
dynamics (a )  move ice near the edge into warmer water and {b)  increase 
the creat ion of open water within the ice pack . Both these processe s 
e nhance furthe r ice me lt . The impac t of  dynamics on the s imulat ion of  
the seasonal cycle is i llustrated in  Figur e  8 .  
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Figur e  B .  Effect of ice dynamics on a sea-ice model ' s seasonal cyc le 
of ice coverage in the Wedde ll Sea . ( From Hibler and Ackley 198 3 . ) 

Although none of  these models has reproduced all  the large-scale 
f eatures o f  the souther n  Ocean ice cove r , they have had success in 
reproduc ing some of the major characte r istics . ro r  example , for the 
Par k inson and Washington model , the successes include the late February 
t iming of  min imum ice extent , the Septembe r t iming of  maximum ice 
extent , the prevalence of summer ice in the weste rn Hemisphere , the 
asymmetr ic patter n  of  winte r ice , with the ice edge extend ing far thes t  
equatorward a t  about the Greenwich Mer id ian ,  and the autumna l  
development of  a tongue of ice in  the Weddel l  Sea , with the subsequent 
format ion of a Weddel l  Polynya ( Pa r k inson and washing ton 1979 J 
Par k inson 1983 J Par k inson and Bindschadle r  1984) . Th i s  model 
r eal i st ically s imulates the eme rgence of  the Weddell Polynya through 
the enc ircl ing ( thermodynamically controlled ) of an open-wate r reg ion 
by ice ( Figu re 9 ) . 

Howeve r , in spite of the successes ,  there ar e  s t i l l  s igni f icant 
contrasts between the observed and s imulated sea-ice d istr ibut ions , as 
i llustrated , for example , in Figures 1 0  and 1 1 .  Par t  of the d i f f icu lty 
der ives from inadequate formulat ions o f  the atmospher ic and ocean ic 
boundary cond i t ions . Improvement in those cond it ions could be the 
s ing le most e f fective way of improv ing the cor r espondence between 
mode led and obse rved sea-ice d istr ibut ions . Howeve r ,  it would not 
lessen a more fundamental d i f f iculty r egard ing the use of  these model s  
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JAMJAifV 1 - NTIAL CONDITIONS rAPRIL;;...;..;,;�1 ----------. 

APRIL 1 6  ?MA:;:Y.:....:..1 ________ , 

MAY 1 6  �JU�N�E�1�-------� 

JUNE 1 6  

Figu r e  9 .  S imulated deve lopment of  the Weddel l  Polynya . Contour s ar e 
d r awn for sea-ice concentrat ions of 0 ,  30 ,  60 ,  and 9 0  percent . ( From 
Par k inson 198 3 . ) 
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Figure 10 . January and Octobe r sea-ice concentrat ions computed from a 
dynamic/thermodynamic model of the Weddel l  sea ( solid l ines ) . The 
dashed l ines ind icate the locat ion of  the observed S O  pe rcent ice 
concentrat ion contour , and the dotted l ines ind icate the locat ion of 
observed polynyas . ( From Hible r and Ackley 1983 , with r e labe l ing . ) 

for examin ing c l imat ic change . The d i f f iculty i s  that these are all  
stand-a lone sea-ice models , not al lowing the ice cond it ions to feed 
into the ocean ic and atmospher ic calculat ions . As sea ice , ocean , and 
atmospher e  are intr icately connected in the real wor ld , there i s  the 
need for nume r ical coupl ing of these three components of the c l imate 
system ,  a need that is par t icular ly cr itica l when trying to s imulate 
future states . 

Coupled models , however ,  w i l l  not necessar i ly produce sea-ice 
d istr ibut ions that are improved ove r those of  the stand-alone models . 
Er ror s  in the calculated ocean and atmospher ic f ie lds in the coupled 
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A. ESMR 1 974 OBSERVATIONS 

JUNE 1 5- 1 7 

JULY 1 5- 1 6 

AUGUST 1 5- 1 6 

2 3 2  

B .  MODELED WITH CUMATOLOGICAL 
DATA 

JUNE 1 5  

JULY 1 5  

AUGUST 1 5  

Figur e  11 . Observed and s imu lated ice concentrat ion contour s 
(percentages) in the Weddell Sea in mid-June , July , and August ( from 

Par�inson 1983) . The observat ions have been averaged to the 200-km 
r esolution of the model . 
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. model s  will probably adver se ly af fect the sea-ice calculat ions . 
Indeed , the studies that have been done with coupled models (e . g . , 
Manabe et al . 197 5 ,  1979 r Manabe and Stou f fer 1980 ; wash ington et al . 
1 980 ; Bryan e t  a l .  1982) have tended to produce sea-ice d istr ibut ions 
that are less real istic than those produced by uncoupled mode ls . 

fOr example , the s imu lat ions of washington et al ( 1980) , in wh ich 
sea ice is t reated str ictly thermodynamically , result in far too l ittle 
Souther n  Ocean ice , w ith no ice in Apr i l  and the ice in the rest of the 
year restr icted ma inly to the Ross and Wedde ll seas ( Figure 1 2) .  The 
d if f iculty der ives from s imulated sea sur face temperatures in the 
Southe r n  Ocean that are warmer than those observed by from l to 5 K ,  a 
problem a lso encountered by Manabe et al . ( 1 9 7 9 ) . The warm sea sur face 
temperatures der ive from the coar seness of the mode l g r id and the 
excess d i f fus ion of heat (Wash ington et a l .  1980) . Such compound ing of 
d i f f iculties can be expected in all ear ly attempts at coupl ing . 

TWo mode l ing stud ies d irectly re levant to the i ssue of the impact 
of 00 2 increases on the west Antarct ic sea ice are those of Park inson 
and Bindschad ler ( 1984)  and Manabe and stou f fer ( 1980) .  By running a 
dynamic/thermodynamic sea-ice model of the Southe r n  Ocean with mean 
monthly cl imatolog ical temperatures , and then with tempe ratures 
uni formly increased by l ,  3, and 5 K in three subsequent model r uns , 
Par k inson and Bindschad ler determine that w ith a 5 K tempe rature 
increase the modeled winter ice cove r i s  reduced by about 50 percent 
and the modeled summe r  ice cover van ishes everywhere except in one g r id 
square in the Amundsen sea ( Figure 1 3 ) . With a 3 K temperature 
i nc rease , summe r ice i s  restr icted to the Amundsen Sea and the 
southwestern port ion of  the Weddel l  Sea . Tbese r esults complement the 
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F igure 1 2 .  Observed and computed Southern Ocean sea-ice l imits 
(st ippled areas) , the computed extents coming f rom a coupled 
ocean-ice-atmosphere mode l .  (Rear ranged f rom washington et a l . 1980 , 
and r e labe led . )  
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Figure 1 3 .  Time sequences for the total ice area in the Souther n  Ocean 
as s imu lated with mean monthly c l imatolog ical data ( the standard case ) 
and with the c l imatolog ical tempe ratures uniformly inc reased by -1 , +1 , 
+3 ,  and +5 K .  ( From Par k inson and Bindschadler 1 9 84 . ) 

results from atmospher ic c l imate model s  that a 00 2 doubl ing could be 
expected to inc rease global average temperatures by about 3 K and pola r  
temper atures by perhaps S K or more . Par k inson and Bindschadler 
ca lculate a hemispher ically ave raged lati tudina l  retreat rate of  the 
ice edge of l . 4 ° S  per l K increase in temperature . 

Manabe and Stouffer ( 19 8 0 )  use a coupled ocean-ice-atmospher e  
gene r a l  c i rcu lat ion model to compare results for a standard case versus 
a case with the concentrat ion of atmospher ic 002 increased to 4 t imes 
its present value . Antarc t ic sea ice in the standard case is , as in 
Wash ington et a l . ' s  ( 1980)  results , too sparse ( see Manabe and 
Stouffer , 1980 , Figure 11) , the reason be ing that the s imulated sur face 
a i r temperatures in the r eg ion o f  the souther n  Ocean are too low . 
Thus , a lthough sea ice vanishes for much of the year in the 4 x C02 
case , the s imulated contrast in the two cases may still  be low . 
Nonethe less , by includ ing sea ice , Manabe and Stouffer have allowed the 
lessened amounts of sea ice result ing f rom inc r eased 00 2 to feed bac k 
to the atmospher ic calculat ions , thereby increasing the realism of the 
foundat ions of the c limate s imulat ions . 
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