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ABSTRACT. Th e simula ti on of th e north ern a nd south ern pola r cl imates (o r 
1979- 88 b~' 14 glo ba l clim a te models ( GC~Is ) , using th e obsen 'edmo nthl y ave raged 
sea-surface temperatures a nd ea-i ce extents as boundary conditi o ns, is part of a n 
in te rn a ti ona l effort to d e te rmine th e sys tem a ti c erro rs of a tmosph eri c models und er 
reali stic conditi ons, th e so-ca ll ed Atmosph eri c ?'II od el I nter co mpa ri so n Proj ec t 
(AMlP). In thi s stud y, inte rcompari so n of th e mod els' simul a tion of pola r clim a te is 
disc ussed in te rms of se lec ted surface and " erti ca ll y integ ra ted m onthl y a ye raged 
qu a ntiti es, such as sea-l evel pressure. c lo udiness, prec ipita ble wa ter, prec ipita ti o n a nd 
evapora ti on/sublima tion. Th e res ults sugges t th a t th e acc uracy of mod el-simul a ted 
clim a te fea tures in hi gh latitud es primaril y d epends on th e hori zo nta l resolution a nd 
th e trea tment of ph ys ica l processes in th e GCl\ls. A:\'llP offers a n unpreced ented 
o pportunity [o r th e comprehensi\ 'e eva luati on and " a lid a ti on of current a tmos ph eri c 
mod els and prov id es va lua ble info rm a ti on fo r mod el improvement. 

INTRODUCTION 

In te rcompa ri son of th e res ul ts fro m difTeren t a tm os ph eri c 
mod el integra ti ons has been und er\\-ay since th e 1950s 
(Sm agorinsk y, 1963 ) a nd is a n importa l1l pan of mod
eling resea rch_ l\lost such mod el inte rcompa ri sons ha " e 

been m a d e in co nn ec ti o n with num eri ca l wea th e r 

pred ic ti on (CARP, 1971 ; :"JAS, 19 75 ). F ewer eva lu a ti ons 
of c lim a te mod els h,1\-e been conduc ted ; recent enh a nced 
e fTorts ha " e been carri ed out by th e Intergove rnmenta l 
Pa nel on C lim a te C ha nge (IPCC) (G a tes a nd oth ers. 
1990, 1992 ) a nd by th e W orkin g Gro up on Numerical 

E x perim enta tion (\vCNE ; Boer a nd oth ers, 1992) _ They 

show tha t , a lthoug h th ere is continuing di sagreem ent 

a m ong current mod els a nd be twee n m od els a nd COlTes
ponding obsen 'a ti o ns, th ere has been a n overa ll na rrow
ing of the ra nge of mod el results a nd a n improvem ent in 
th e mod els' sys tem a ti c e rro rs as a who le_ 

The simula ti on of th e north ern and so uthern pola r 

clim a tes for 1979- 88 by 14 g lo ba l clim a te mod els 
(G C M s), using th e o bsen -ed monthl y averaged sea
surface tempera tures a nd sea-i ce ex tents as bo unda ry 
conditions, is part of a n intern a ti o na l effo rt to d e te rmin e 
th e sys tem a ti c e rro rs o f a tm osph eri c mod els und er 

realisti c conditi ons, th e so-ca ll ed Atmos ph eri c :\lodel 

Inte rcompa ri son Projec t (A.\tlIP ; G a tes, 1992) . The bas ic 
purposes of A~ITP are to und erta ke th e sys temati c 
inte rcompa ri son a nd va lid a tion of th e pe rform a nce o f 
a tm ospheri c GC:\Ls on seasona l a nd inter- a nnu a l time
scales und er th e mos t rea li sti c conditi ons poss ible a nd to 

support in-d epth di ag nosis a nd inte rpre tation of th e 

m odel res ults. Su ch a na lyses a nd inte rco mpari so ns 

require th a t a ll model s simul a te th e same tim e peri od 
und er compa ra bl e experim enta l conditi ons a nd that th e 
same diag nos ti c measures of perform a nce be ca lcul a ted 

fo r all m od els. T a ble I shows th e se lec ted cha rac teristi cs 

of th e a tmosph eri c CC1VI s includ ed in this paper, such as 

th e reso lutions a nd main pa ra mete ri za tion schemes, etc. 
:\1 o rc compl e te d esc ripti ons o f th e AMIP m od els a r e 
g iw n by Phillips ( 1994)_ 

The roles of th e pola r regions in clima te a nd clima te 

change include being no t onl y th e principa l heat sinks of 

th e g loba l a tm os pheri c circulation. but a lso the loca tions 
where direc t in te ract ions betvl-een the a tm os phere, ocean 
and crvos ph ere take pl ace. Recent studi es on th e simul-a ted 
clim a te cha nge d ue to th e doubling of a tm osph eri c C O 2 

sholl- the hi gh la tirud es to be one of th e mos t sensitive 

regions for changes in va ri ables such as tempera ture, 

precipita ti on, a nd snow a nd sea-i ce cO\'e rage (.\1itchell 

a nd o th ers, 1990). H oweve r, there a re shortcomings in 
present-clima te simul a ti ons by current clima te models. 
pa rti cul a rl y in pola r a reas (Xu a nd o th ers, 1990; T zeng 
a nd oth ers, 1993 , 1994; Brom wich and oth ers, 1994; T ze ng 

a nd Brom\lich, 1994). In thi s stud y, intercompa ri so n of th e 

models' simula ti on of th e 1979- 88 pol a r clim a te is disc ussed 
a long with th e obsen -a ti ons in terms of selec ted surface a nd 
, -e rtica ll y integra ted monthl y averaged qua ntiti es, such as 
sea-Ie\'e l press ure. cloudiness , precipita ble wa te r, prec ipit
a ti on a nd e\-a pora ti o n/sublima tion _ The res ults sugges t 

th a t th e models' three-dim ension a l va ri a bles a nd e\'en th e 

d a il y o utputs for parti cul a r m od els are need ed to 

di agnose gove rning ph ysical a nd d yna mi ca l processes in 
th e m od els and to sugges t feasible remedies fo r curing th e 
iden tifl ed shortcomings. 

SEA-LEVEL PRESSURE 

By a na lyzing th e simul a ted clima te of th e NCAR CCM I 
O\-e r th e Arc ti a t h ori zon ta l resolu ti ons of R 15 and 1'42, 
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Table 1. Selee/ed eharae/eristies oJ the a/mosplzeric GCN/s included in this paper ( after Gates, 1992) 

Group /model Horizon/et! Vertical COl/vectioll Radiation scheme Cloud scheme 
resolu/ion co-ordinate scheme 

and level 

BMRC R 31 (2.8 x 3.8) al 9 Ku o Lac is- H a nsen, Slingo, Rikus 
F els- Sch warzkopr 

CCC/GCMII T 32 (3.8 x 3.8) H ybrid 10 M CA Fouq ua rt- Bonnel, M cFarlane and 
M orc rette and others oth ers 

CSIRO R 2 1 (3.2 x 5.6) a l9 MCA Fels- Schwarz kopf Gordon- Hunt 
CSU 4 x 5 Modifi ed al 7 A S H a rshvardh a n and others R anda ll 
DNM 4 x 5 a7 Kuo J\Ia nabe-St ri ckler, Slingo 

Lac is- H anse n, Feige lson 

ECJ\ l\ VF /Cy36 T 42 (2.8 x 2.8) H ybrid 19 Tiedtke M.orcrette Smagorinsky 
GFDL T 42 (2.8 x 2.8) al8 M CA Lacis- Hansen, vVethera ld-

Rodge rs- Wa lshaw ]\![a nabe 
GLA/Version 8 4 x 5 a 17 A S Lac is- H a nsen, Slingo 

Ha rsh va rd han- Corse tti 

GSFC 4 x 5 a 17 M oorthi- H a rshva rdha n Convective and 
Su a rez la rge-sca le 

MPI /ECHAM T42 (2.8 x 2.8) H ybrid 19 Tiedtke H ense and o thers, Sundqvist 
R ockel and others 

MRI 4 x 5 H ybrid 15 A- S Lac is- H ansen, Shiba ta- Aoki T okioka a nd others 

NMCfMRF T 40 (3 x 3) a l 8 Kuo Lacis- H ansen, Slingo 
Fcls- Schwarzkopf 

SUNYA/CCM I RI S (4.S x 7.S) al 2 M CA Ki ehl and others, Ki ehl and o thers 
\V a ng and o th ers 

R = rhomboida l spec tral lrunca ti on ; T = tri ang ular spectral trunca ti on ; n x 7n. n = lat iwde, m = Q longitude. 

A- S = Arakawa- Schuben; :\ICA = moist convec ti ve adjustment. 

B.\IR C = Burea u of 'd eteorolog y R esearch Cent re, :\l elbo urn e , Austra li a ; CCC = Ca nadi an C limate Centre , Downs, ·icw , Ontario ; 
CS lR O = Commonwea lth Scien tifi c and I nd ustria l Resea rch Organiza tion , \I ord ia lloc, Austra li a: CSli = Colorado S tate Un i,·ersit )' . Fort Coll ins, 
Colorado; D:\f i\1 = Depa rtment of Numer ica l i\Iath-emati cs, Russian Academ y of Sciences. M osco\V; ECMWF = Europea n Centre for i\lcd ium
R ange Weat her Forecasts, R ead ing, England; G FDL = Geophysica l Fluid Dynam ics Labora tory. PrincclOn, New J ersey; GLA = Goc1darc1 
Labora tory for Atmospheres, Greenbc11. i\ la ryland; GSFC = Goddarc1 Space Flight Cen ter, Greenbclt , \la rylanc1 ; \IPI = \I ax Pla nck Institute for 
i\Ieteo rology, Hambu rg, Germany; i\ l R I = Meteoro log ica l Research Institute, T sukuba , J apan; l\i\ [C = " at iona l i\lcteorolog ica l Centcr , 
Washington D .C.: SU 'IYA = Slate University of "Iew York , Albany. 

Bromwich a nd othe rs ( 1994) found in th e lower
resolution version of CCM I tha t the topograp hy of 
Greenla nd was distorted a nd that thi s res ulted in a major 

disloca ti on or th e simul ated No rth Atlantic storm track. 

Th ey pointed out that th is bias was substa ntiall y 
a llev iated when the hori zon tal resolution increased to 
T42. The European Centre fo r J\/l ed ium-Ra nge vVea th er 
Forecasts' (ECMvVF) a na lyses, ave raged over a 10 year 
period (1980- 89 ) from NCAR , were used fo r th e 
observat ions or sea-level pressure. T he zona lly averaged 
sea-level press ure from the simulations and observa tions 
for DJF and JJA is give n in Figure I . T he simula ted 
res ul ts in Figure 1 a and b [o r th e higher-re. 01 u tion models 
a re clea rl y much bette r th an those in Figure l c and d th a t 
present the lower-resolution mod el res ults. This sugges ts 
that the hori zontal reso lution of a moclel is one of the 

major ractors determining the accuracy or the simulated 
c1 ima tological mass field in high latitudes as well as o th er 
regions. A similar result has also been found by Boer and 
others (1992 ). The biases in Arctic la titudes are slightl y 
sma ll er th an over Antarctica in both DJF and JJ A. For 
the lower- reso lu tion mod els (less than R 2 1), there a re 
signifi can t errors in intensity and spati al phase (Fig. l c 
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and d ). Since th e la rges t predi cted unce rta inties occ ur 
nea r Anta rcti ca during winter ra ther tha n in the Arc ti c, 
th e prim a ry ca use m ight be in suffi cient hori zo nta l 
reso lution to ha nd le the complex terra in of Antarctica 

(Tzeng and others, 1993, 1994). 
Becau. e zona ll y averaged a nalyses yield onl y part of 

th e story, a high-h orizon tal-resol u tion mod el (ECYI\\'F 
T 42, 19 levels) and a low-resolution model (CSU 
4° x 5°, 17 levels) have been se lec ted to examine the two
dimensiona l simula ted sea-level-pressure fi eld during the 
Arcti c win ter. Fi gure 2 shows th e differences of sea-level 
pressure between the high-reso lution ECM\vF model a nd 
th e ECMWF a na lyses for DJ F. T he errors fo r the 
ECM vV F model ra nge from - 11 hPa eas t of the Icela ndic 
low to + 13 hPa sou th eas t of th e Aleu ti a n low; this fea ture 
is very similar to th e error pattern exhibited by the 

NCAR CCM2 (T zeng and Bromwich , 1994). T he errors 
for the low-reso lu ti on CSU model (not shown ) va ry from 
- 29 h Pa so uth east of th e I celand ic low to + 14 h Pa over 
th e Arctic O cean, i. e. the error magnitud es a re roughl y 
80% larger tha n those in th e ECMWF model. Th e 
simulated sea-level pressure for th e ECMWF mod el 
demonstrates th a t th e mod el well simulates the weak 
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Fig , 1 . .(ollal£JI avewged simulaled and observed (solid lines) sea-level pressure f or 10 a avewges , ({ , Highn-horizonlal
resolulion models J or D] F. b. Higlzer-horizoIlLal-resolulioll models J ar] ],1, c. Lower-horizonlal-resoluLion models for 
D] F. d. Lower-llOrizolllal-resolutioll models for]] A , The legel/d lexl illside Ihe graphs gives model names and resoluLiolls; 
e,g. T42LI9 mealls horizolllaltriangular tl'll11cation at -12 wal' fS and 19 levels ill Lhe vertical; R31L19 means /lOrizontal 
rlzolllboidal truncation at 3 1 waves and 19 levels ill the lIertical; and 4 x 5L17 means horizontal resolutioll of 4° 
longitllde x 5" latitllde and 17 levels ill the vertical. 

ridges over the Arctic O cean and th e west coast of North 
America in terms of strength and location. The large 
ECN[\ VF model 's biases sou th of the Aleu tian low and 
east of the Ice landi c low a re due , resp ec ti\'ely, to an 
oversimul ated and westward-shifted subtropical high over 
the eastern Pac ifi c Ocean a nd an east\\'ard elongation o[ 
th e Icelandic low , By contrast, th e simulation by the CSU 
mod el illustra tes that the errors of the I cela ndi c low a nd 
th e ridge over Arctic Ocean result fi'om , respecti\'ely , 
shifting the low center to the southeast of its observed 
location and misplacing part of the Siberian anticyclone 
over th e Arctic Ocean ; however, the simulated Aleutian 
low agrees well with the obsen'ations. It is interesting to 
note that if a model can well simulate sea-level press ure 
oyer the northeastern Pacific and No rth America la rger 

simul ated biases will occur in the Atlantic and Eurasia or 
\'ice versa , This ph enomenon is a lso found in the 
silllul ations by other models. Although the assoc iation of 
simula ted error patterns Illay be explained by the two 
major storm tracks, or waveguid es, in the Northern 
H emisph ere , this anti-correlated linkage between the two 
bias patterns in models is not well understood yet. 

PRECIPIT A TION AND EV APORA TION 

Precipitatio n a nd evaporation /sublima ti on are interest
ing because they a re related to water mass bala nce, and 
the acc ulllul ation (net precipitat ion ) of ice and snow 
grea tl y a ffects the short-wave solar radiation a nd th e 
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ECMWFT42L19 - ECMWF Sea Level Pressure DJF 

Fig. 2. Sea-level pressure of the ECM W F analyses, 
shown by the bold contour lines at 5 hPa intervals . The 
difference oJ the ECNl WF model (higher horizontal 
resolution T42) minus ECMvVF anaLysesJor D] F over 
the A rctic is masked in gre!} scale; the scale in hPa is given 
at the bottom. 
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Fig. 3. Zonally averaged annual precipitation in models 
and observations (solid line) . a. All available models. b. 
Best five models . c. Other seven models. 

lo ng -wave terres tri a l ra di atio n. Z ona ll y ave raged 
a nnual precipi t-ation is di spl ayed in Fig ure 3. The 
obse rved d a ta used here come hom Sellers ( 1965) . Boer 
and o th ers (1992 ) fo und that the precipi tation sim ul a 
tions d o no t depend strongly on hori zonta l r esolu ti on , 
unlike the simulated sea-level press ure. lVIos t mod els 
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onT-simulate prec ipitation In th e tropi cs and pol a r 
a reas of both hemisph eres a nd in the mid-latitud es of 
the Northern H emisphere. The mod el res ults for the 
south ern mid-l a titud es \'a ry around th e obse rva tions. 

Th ere a re un certa inti es in th e obsen -cd d a ta , howe\'er, 
especia ll y o\'er the tropi cal oceans a nd th e Southern 
He misph e re . Fi g ure 3 b a nd c show dra m a ticall y 
diffe rent bi ases o[ mod eled precipita tion . Th e biases 
fo r the bes t [i\ 'e models average a bout 0.5 mm d I , while 

the biases for the o th er g roup \'a ry from 0.2 mm d I in 

the polar regions to 2.0 mm d I in the tropics. W e found 
th a t eith er moist convec ti\'e adjustm ent (\lICA) o r 
Arakawa- Schubert (A- S) co nvec tive schemes a re used 
in the mod els with sm a ll prec ipita tion bi ases . There a re 
at least fi ve types of convec tive schemes, includ ing ;\OI CA 
and A- S sc hemes, used in the models w i th rela ti \ 'el y 
large prec ipita ti o n bia ses, indi ca tin g th a t fa c tors 
add i ti on a l to th e particu la r convec tive sc heme utili zed 
are im·oked. S imula ted prec ipita ble wa ter \'a lues a re 
com pared \\·i th obse n 'a ti ons (Peixo to a nd O Ort , 1983 ) 

in Fig ure 4 . Th ere a re m ax imum discrepa ncies in the 
tropics with seconda ry d ev iation maxim a over th e 

Arctic and Anta rc ti ca. Sin ce most mod els und eresti
m a te precipitab le water o ve r Anta rc ti ca, ye t th e 
simul a ted prec ipi table-water \ 'a lu es a re spread around 
the obse rva ti ons ove r th e Arc ti c, th e excess sim ula ted 
prec ipitation in high latitudes must be du e to [actors 
o th er than m oisture a vailability, such as the general 

circula tions of th e respec ti ve models and the positive
moisture-fixe r sc heme in the mod els with th e moisrure 
pred icted by th e spec tra l-tra nsfo rm method (Tzeng a nd 
o th ers, 1993; Bromwich and o thers, 1994) . I n o rd er to 

dra w more solid conclusions on thi s m a tter, in-d epth 
di ag nosis of the moisture budge t will be done [or 

se lec ted mod els. 
Du e to th e limitati o ns o[ th e m od e ling data 

ava ila ble fo r e\'apora tion /sublim a ti o n , we a rc on ly 

50 

40 

30 

20 

Clzell alld others: GeM simulatiolls of /)oLa r climates 

a bl e to a ll a lyze o utput from [o ur models [or net 
precipita ti on (P - E ). Fi g ure 5 shows th e simul ated 
prec ipi tati on, e \'a pora tion /su blima tion a nd ne t prec i

pitation a lo ng \yith o b. e n 'ed co nve rge nce of th e 

ve rti ca ll ), int eg ra ted atm osph eri c wa ter-va p or fl ux 
(Peixoto a nd Oon. 1992 ) , whi ch is equal to P - E . 
Th ese [our mod els over-s imul a te prec ipita tion e\'ery
where by 0 .4 1.0 mm d I except [or the south ern mid
la titud es, a nd o\ 'e res tim a te the e\'apo ra tion rate O\'e r 

the low la titudes a nd north ern mid-l a titud es by 0.5 
I mm d I but capture the e\'apora tion jsublima tion ra te 
quite we ll over the Arc ti c a nd Antarc ti ca in te rms of 
a bsolute e rro r. Th e net prec ipita ti on, es tim a ted as th e 
diffe rence be t\\'ee n precipitation a nd evapo ra ti o n / 
sublima ti on, sho\\' th a t the largest e rrors occ ur in 
hig h latitudes (especia ll y the Arcti c) a nd ne t water
\'a por input to th e subtropical atmosphere is signifi 
cantl y overs imul a ted. The DJF a nd JJ ne t prec ipita 
ti o n ra tes (P - E ) (Fig ure omirred ) a re a ble to ca pture 
th e bas ic zona ll y averaged fea tures in the obse l"\ 'ed 
(P - E ). H owever , a ll fo ur m od els o\ 'eres tim ate thi s 
quantity in th e middl e a nd high la titud es o[ each 

hemisph ere, probably du e to th e a nom a lous ly la rge 
simula ted prec ipitation rates . 

CLOUD COVERAGE 

Cloud simul ation is proba bl y one of the mos t chall enging 
tasks [or atmosph eri c-clim a te mod eling. Figure 6 shows 
the tota l cloudiness estima ted by those [our mod els out or 
the 13 that had passed AiV[lP qu a lit y control s [o r 
cloudiness a t the time this paper was prepared , a long 
with observa ti ons (Peixo to a nd Oort, 1992 ) for DJF and 

JJA. The huge estim a ted discrepancies in the models 
range from 20- 30% in low la titud es to 60% in high 
la titud es. This may be part ia ll y due to the differences in 
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cloud d efiniti ons from model LO mod el a nd between mode l 
and obsen 'a ti ons (Li a nd Letreu t, 1989), a l th oug h th e 
simulated cloud-cO\'e rage pa ttern ge nera ll y ma tches the 
observations in low and middle la titudes . Th e difTe rent 
d efini ti on of large-scale cloud formation among the models 

co uld ca use a sys tema ti c bi as in simul a ted cloudiness O\'e r 
the high la titudes . For insta nce, in the MRJ model, la rge
scale cloud condensa ti on is present and covers the tota l 
grid box if the local relative humidity of a layer is at least 
100% . 1n the GLA model, howeve r, on ly 80% of a grid 

box is ass umed to be fill ed by cloud when th ere is local 

supersa tura ti on. These different d efiniti ons of the cloud 
forma ti on may result in the overes timated clo udiness in the 
MRI a nd the und eres tim a ted cloudiness in the GLA. In 
additi on , most models a re unable to capture the la rge 
seasonal vari ation of cloudiness ove r the Arctic. The 

estimated cloudiness from each mod el over the Arctic has 

essenti a ll y the same pattern in both DJF and JJA, whi le 
the observed cloudiness ove r the Arctic increases with 
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bllt Jor evaporation/sublimation. c. flS ill (a) but Jor net 
jJTecijJitation (P - E) . 

latitude during summer due to the formation or Slra tus 
clo uds (Bromwich a nd o thers, 1994) a nd d ecreases wi th 
la titude in winter. It is clear that cloud simula ti ons in the 

\'a ri ous GCMs are fa r from sa ti sfac tory, which suggests 
that Arctic climate-cha nge studi es based on GCMs should 
be interpreted \'ery cauli o usly. 

A use rul indicati on or cloud cO\'e r can be obta ined 
from th e o utgoing long-wave r adi a ti on a t th e LOp or the 
atmosphere (OLR ) a nd from th e pl a ne ta ry a lbed o. 

Howeve r, th e ability of a mod el to simulate the OLR 
a nd pl a ne ta ry a lbed o depends not onl y on th e a lgo rithms 
used to compute the radiati\'C tra nsfers within th e 
a tmosp here, but a lso on th e simul a ted clouds, snow 
cove r a nd surface tempera tures. Thus, more com prehen
sive a na lyses of the climate mod els a re required for furth er 

eva lua ti on of cloud simul a tions. 

DISCUSSION AND CONCLUSION 

ln tercomparisons a re performed of simula ted Arct ic and 

Antarctic climate (or 1979- 88 by 14 currentl y ava ila ble 
intern a ti ona l-clim a te models. Th e resea rch focuses on 
se lec ted surface and \'e rti ca ll y integ rated m o nthl y 
ave raged quantit ies. The acc uracy or mod eling sea-leve l 
pressure d epends on ho ri zonta l reso luti on . It seems that a 

c riti ca l resolution ex ists at abo ut 4° x 4°, i. e. simul a ted 

resu lts are sig nifi can tl y imp ro\'cd when the m od el 
reso lut ion is better than th e c riti ca l resolution. ~l ost of 
th e hig her-resolution models we ll capture th e locations 
and intensities or prominent climate fea tures in th e sea
leve l press ure field a t hig h latitud es, such as th e Antarctic 

ci rcumpo la r trough a nd the a tmospheric-activity centers 

at middl e and high northern latitud es (e.g. Aleut ia n low, 
Icela ndi c low, Siberi a n high ) . In ge nera l, the bi ases in the 
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simul ated sea-level pressure a re large r in high la titudes 
than in middle and low latitud es. 

The huge errors in the simula ted circul a ti ons in po la r 
regions will appa ren tl y influ ence ma ny modeled vari a bles 
in those a reas , such as prec ipita ti on (T zeng and others, 
1993 , 1994; Bromwich and oth ers, 1994; T zeng a nd 
Bro m wich, 1994) . Th ere is a seco nd a ry m aximum 
discrepa ncy in simulated precipi ta tion over the Arctic 
a nd Antarc ti ca besides the maximum biases in the tropi cs . 
Since most models underes ti ma te precipi ta ble wate r over 
Anta rcti ca ye t the si mu la ted p recipita ble wa ter \'a lues a re 
spread aro und th e observa ti ons over the Arcti c, the ca use 
of the excess sim ula ted precipita tion in high la titud es 
must be facto rs other tha n moisture avail a bilit y, mos t 
likely th e simu la ted ge nera l circul a ti ons of th e respec ti ve 
mod els and th e positi ve-m oisture-fixer scheme in mod els 
where th e moistu re is predicted by th e spec tra l-transform 
meth od . M os t 0 [' the mod els cap ture the evapora tion/ 
sublim a tion ra te quite well over th e pola r regions in terms 
of a bso lute va lu es . Thus th e la rge errors in the net 
prec ipitat ion over high la titud es, es tima ted as th e 
d ifle rence be tween precipita tion and e\'aporat ion/s ub
li ma ti on , a re probably ca used by the a nomalously la rge 
simulated p rec ipitat ion ra tes . 

R ela ti vely poor es tima ti on of p recipita ti on in the 
pola r regions may be pa rti a ll y ex pla ined by errors in 
clo ud sim ul a tion. Th e tota l cloudiness simul a ted in 
va rious models is far £i-om sa tisfactory in gene ra l and 
e\'en worse in th e Arc ti c. Th e huge es tim a ted d iscrepa n
cies in the models range from 50% to 65% in hig h 
la ti tud es , which may pa rti a ll y be caused by varying 
d ellnitions of cloud fo rm a ti on in th e models. All mod els 
fa il to simul ate the la rge seasona l \'ariat ion of cloudiness 
ove r th e Arcti c. In oth er wo rds, the cloudiness estima ted 
by eac h mod el over th e Arc tic has essenti all y th e same 
pat tern th ro ughout the yea r. By contras t, th e observed 

clo udiness ove r the Arcti c increases with la titude during 
summer time due to the formation of strat us clouds, a nd 
decreases with latitude in winter. 
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