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ABSTRACT, Pre\ 'io us a ll e mpts to d e ri\ 'C th e .\nlarc li c sUI'lace ne t acc umulatio n 
di stributio n fro m a tm os ph eri c-moisture flu xe,. in reaso na ble agree m ent \I 'ith th e 
o bse n 'ed di stributi o n . ha \ 'e encount ered m a n y dil1i c ulti es , Th e prese nt a na h 'sis uses 
th e Austra li a n Burea u o r :,[ e teo rol ogy Glo ba l Atm os pheri c Ass imil a ti o n and 
Predicti o n Sc he m e GASP ), whi c h has bec ll o pera ti o na l sin ce 1989 . to deri l't, th e 
ne t a ir-mass a nd m o is ture Ou:-.:es ()\"er thc An ta rct ic. It is sll() \I-n th a t th e a nnu a l mea n 
ne t surfa ce acc umul a ti o n c lose ly resembles th e g lacio logiea ll y o bse n -ed distributi o n 
a nd prO\-ides a ph ys ica l bas is fo r the o bse n -ccl pa tt e rn. thro ug h th e m o is ture tra nspo rts, 
Th e \-a ri a ti o ns \I 'ith latitud e a nd ele \-ati o n a nd thro ug h th e a nnual c \T le a rc a lso \I 'C ll 
re produ ced. Al tho ug h so m e m ass-clos ure erro rs still exi st. th ey arc expec ted to become 
insig nifi ca nt with th e ne \l- ge nera ti o n o r impro\ 'Cd a nal ys is sc hem es . C o nsequ e nth- th e 
a tm os ph e ri c a na h -ses ca n prm- icl e a sound bas is fo r bo th a ssessing th e perfo rm a nce o f 
g lo ba l climate m od e ls in simula tin g Anta rc ti c a cc umu la ti o n rat es a nd m o nit o rin g 
long-I erm c hanges whi c h ma y occ ur \I-jlh g lo bal \I-arming . 

1. INTRODUCTION 

C ha nges in Ihe .-\nta rcti c icC'-sheet mass bal a nce are o r 

co nsidera b le co nce rn in rega rd to poss ible sea- le \-e l cha nges 

as a conseq uence o f glo ba l \I-a rming (H o ug h to n and o th ers. 

1990), Th e Anta rcti c ice-shee t ne t acc umulati o n and th e 
'j I ' to tal m ass losses a rc ea ch aho ut 2000 km ' a . equl\-alcnt to 

a bo uL 6 mm a I of sea-le\-e l cha nge (Buckl a nd Smith , 
1985 ). C o nsequ entl y a sig nifi ca nt eha nge in the maj o r 

compone nts 0 [' th e Anta rc ti c m ass ba la nce co uld innuence 

th e c urrent ra te o f sea-I e\-el ri se o f abo ut l _j mill a I 

(H o ug lllo n a nd o th ers, 1990). Componen ts 0 [' th e m ass 

ba la nce includ e precipitatio n. (' \-apo ra ti o n , co nd ensa ti o n, 
s ud~lce m elt. basal m clting a nd ice berg ca king , S ince lh e 
fl oa tin g-i ce compo nent d oes no t influence sea -l en 'l cha nge , 

th e (l O\l- o r tra ns(Cr o r ice li'o m g ro und ed to noa tin g is 

impo rt a nt, a nd 11ft challge ill groull ded ire mass abol'e }loatillg is 

th e qu a ntit ), that needs to be m o nitored. 

Th e m os t i m po rtan t co nse CJ uen ces fo r I he ma ss 
ba la nce to be C':-.: p ec ted fr o m futur e w a rmin g are 
increased basa l m e lting und er th e il oa tin g ice, in creased 

prec ipit a ti o n a nd inc reased e \-a po ra ti o n_ Es tim a tes 0(' 

poss ibl e increases in prec ipita ti o n a nd e\-apo ra ti o n, \I-hi c h 

a re \-e ry mu ch d ep endent o n th e sea-i ce cO\'e r. ha \ 'e been 

m a d e b y Budcl and Simm o nds ( 199 1) fro m e:-.: perim e nrs 
with ge ne ra l-circ ul a li o n m od els (G C:'>I , )_ Timing o r th e 
likely o nse t o r th e warming ca n bes t be eS lim a led a t 

prese nt rro m th e m os t recent lo ng tra nsi e nt simul a tion s or 

g lo bal w a rmin g with in c re a sin g g r ee nh o use g a ses 

( l\l a nabe a nd Stouffer 1993; Cubasc h a nd o th ers, 1994)_ 
Th e reac ti o n o r th e Ant a rc ti c ice shee t to proj ec ted 

increa ses in basal m elt ra te a nd s urf~l CC ne t acc ulllul a ti o n 
has bee n stud iee! b y Buc\cl a nd o th ers 1995 ), Th ei I' res ult s 

indi ca ted th a t increases in ne t a cc umul a ti o n o \-e r the 
g ro und ed ice wo uld contributc direc tl y to \\-a rds a sea ­
le \T I derrea_ll' _ j ncreased basa l m e lting \ n l S ro und lO cause 

loss m a inl y fro m th e fl oa ting ice: a lth o ug h th ere \I-as 

g rea tl y in creased fl o \l- fro m th e g ro unded ice, llIuch 0/ it 
wm ji'01ll befoll' the }loatillg /ad _ Th e ne t co nseq ue nce was 

th a t durin g th c ne:-.:t 100 500a peri od th e ne t loss rrom 
basa l m e lting ([or r a les up 1.0 10 m a I ) a nd increased icc 
0 0 \\ - co uld be o fE et b~ - th e e:-.: peCled increases in ne t 

acc umul a ti o n, \\-hi ch w ere ta ke n to be in th e ra nge o r 50-
100% O\T r th a t tim e sp a n, 

I n th e tim e-fra m e o r th e nex t (C\I' hundred yea rs, 

th e refo re, i t is appa re nt th a t th e m os t impo rt a nl 
compo ne nt 0 (' th e Ant a rct ic ice-shee l m ass ba la nce for 
sea -l e \-cI cha nge is th e ne l sLll-lace acc umula li o n \\-hi c h 

m a \. o f1se t so m e o r th e ri se ex pec ted ri'o m ocea n th erm a l 

ex pa nsio n a nd increased m e lting o r no n-po la r g lac ie rs, 

The purpose o f thi s p a p er is to increase o ur understanding 

o r th e phvsica l basis o f the o bse rl 'Cd ne t acc umula ti o n b y 
e:-.:a mining ho \\- \\-e ll th e spatial distribuli on a nd a nnua l 

c~ - c1 e can be re p rod ucecl fro m a na l yses o r 1ll 0 isIU re 

tra nspo rt based o n a tmosp heri c o bse n -a ti ons. This \I-ill 

a lso a ll o \l ' us ro Ill o niror future cha ngcs a nd th eir ca uses 

a nd \I-ill help \I-ith e \-a lu a tin g G C\1 simula ti o ns o r th e 

prese nt clima te a nd future p roj ec ti ons , 

2. PREVIOUS ANALYSES OF NET ATMOSPHERIC 
MOISTURE TRANSPORT OVER ANTARCTICA 

Th e co nce pt o f' usin g a tm os pheri c m o isture tra nspo rt to 
d e ri\T Il e l acc umul a ti o ll O\T r .-\llta rct ica goes ba ck a lon g 
\\-a \- :'> [c i na rclu s 1938: L oe\\'e 1957 H O\\-e\-e r. i l \\-as no t 
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until a reasona ble number of meteo rological sta ti ons \\'as 
es ta bli shed during the Intern a ti ona l Geo ph ysica l Yea r 
( 1957 /58 ) tha t it beca me poss ible to compute a de ta il ed 
nux budge t. Rubin ( 1960, 1962 ) exa mined mass, hea t a nd 
moisture nuxes and budge ts o f th e Anta rcti c from tb e 
a tm os ph eri c tra nsport ac ross the bound a ri es based on 
radi osond e d a ta . Rubin 's (1962 ) d eri\'ed budge t was 
fo und to be in reasona ble ag reement with hi s compi la ti on 
of ne t acc umula tion. Th e a pproac h used by Rubin sulTers 

from a number of problems, including the large spac ing 

bet\\'een sta ti ons ; lack of ad equa te d a ta a t the higher le\"C ls 
a nd the 10 \l'er bound a ry laye r; a nd th e use of monthl y 
mea n data for \I'inds a nd moisture to compute flux es . 

S imilar la rge-sca le mo isture-flu x budge ts ha \'e been 

computed by H owa rth ( 1983 ) a nd H O\l'a rth a nd R a yner 

(1986 ), but th ese analyses a lso a re too coa rse to d eri\ "C 
d e tail ed ne t acc umul a ti on di stributio ns O\'e r Antarc ti ca. 
Bro mwi ch ( 1988, 1990) used d e ta iled radi osonde d a ta to 
compute ne t moisture tra nsports ac ross th e Anta rc ti c 
coas tlin e a nd the impli ed net mass budge ts. Th e loca ti ons 

of th e sta ti o ns \\"ere still no t comprehensi\'e enough to gi\ 'e 

comple te cO\'e rage over th e contin ent. partic ul a rl y for 
" 'es t Anta rc ti ca . Conn o ll ey a nd King (1993 ) a nd 
Co nnell ey a nd o th ers ( 1993 ) a lso ca rri ed o ut a n 
ex tensive a na lysis using ra di osond e d a ta to compute 
m o isture lluxes in cludin g a nnu a l a nd inter- a nnu a l 

\'a ri a ti o ns. Again th e d a ta a re too spa rse to com pu te 

mass bud ge ts O\'e r th e entire contin ent. M as ud a ( 1990) 
used th e E G M \\'F (Europea n Centre for ~'fedium-Ra nge 

Wea th er Fo rccas ts) a na lyses of th e d eta il ed FGGE-year 
d a ta (1978 79 ) to compute th e Anta rc ti c ne t acc umul a­
ti on polewa rd of 70° S a nd m ad e a simil a r stud y for th e 

Arc ti c. A d e ta il ed di agno ti c . tud )" of moisture nux a nd 

precipita ti on for Greenl a nd using meteo rologica l a na lyses 
was ca rri ed ou t by Bro mwich a nd o th ers ( 1993 ) . Th e 
mos t comprehensi\'e a nal ys is fo r th e Anta rc ti c so fa r has 
been by Ya maza ki (1992 ), who used the U.S. Nati ona l 
:Vleteo rological Cen te r 's (N\II C) twi ce-d ail y a na lyses fo r 

th e 5 yea r peri od 1986- 90 to compute moisture-flux 

cOIl\ 'e rgence over th e Anta rc ti c. Th e horizontal reso lu­
ti o n \I'as 2 .5" x 2 .5 \\'ith re la ti\'e humidity a t six 
sta nd a rd le\' els fi"om 1000 to 300 hPa . Th e spatial 
\'a ri a ti ons of moisture a nd moisture !lux \I'ere exa mined 

thro ug h th e a nnu a l cycl e a nd inte r- a nnu a ll y. An 

Anta rc ti c net acc umula tion m a p was d eri\'ed , but th e 

low inte ri or \'alu es were obscured b y uncerta inty. Th e 
tota l ne t a nnu a l acc umulatio n a nd a nnual cyc le were 
sho wn to agree quite well with obse rva ti o ns. A simi la r 
stud y was carried o ut by R eid ( 1993 ) , using th e 
Austra li a n Bureau of ~I e teoro l ogy's So uthern H emi­

sphere a rchi\'e, 1978- 88, a nd he o btained simil a r ge neral 
results to th ose of Ya m aza ki. In 1989 th e Austra li a n 
Burea u of ~Ieteo rology upgrad ed its a na lyses to a g lobal 
spec tra l mod el with \\, ave number (rho mboid a l) R 3 1, 
nine verti ca l Ie\ 'e!s and imprO\'ed ph ysics, as d esc ribed by 

Bo urke and oth ers (1991 ) . The Burea u of ~leteoro logy 

R esea rch Centre (BMRC) spec tra l mod el. with u-leve ls 
fo ll owing the surface topogra ph y, has been found to he 
pa rti cul a rl y effective for th e Anta rc ti c, a nd th e improved 
ph ys ics ma kes th ese a na lyses more suitable than th e 
pre\'ious So uthern H emisph ere a nal yses (on a 47 x 47 

g rid ) fo r examining m ass a nd mo isture nuxes O\ 'e r th e 

Anra rct ic . Sin ce 1993 the a na l ys is sys tem has been 
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upg rad ed to \\,ave number R 53 a nd 19 le\'c1s in th e 
\"C rti ca l, with furth er imprO\'ed perfo rm a nce. H ere. for 
th e sa ke of consistency, we use j ust the 3 yea rs of G ASP 
R 3 1 L9 data . from 1989 to 1992. 

3. CHARACTERISTICS OF THE ATMOSPHERIC 
ASSIMILA TION-AND-PREDICTION SCHEME 

The basic principle o f th e ass imila tion scheme is to use th e 

num eri ca l mod el to in co rpora te a ll th e globa l o bsen 'a­
ti o na l d a ta into th e model in a ph ysica ll y ba la nced \\,ay , 
a t reg ul a r time inten ·a ls. a nd , by running th e mod el 
fo rwa rd in time, to pro\'id e th e first g uess [or th e d a ta a t 
th e nex t timc inten ·a l. The techniques uscd fo r th e 

B~[RC assimil a tion-a nd-predi c ti o n scheme a re d csc ribed 
by H a rt and others ( 1993 ) . The observational d a ta 
i nc l ud e surface obse rva ti ons from th e meteo rologica l 
sta ti ons, a utomatic wea th er sta ti ons a nd driftin g buoys, 
a nd \ 'C rti cal profil es fi"o m ra di osond e sta tions and sa tellite 

so undings (TOVS ). The scheme emplo ys intermittent 

(six-ho urly) [o m 'ard ass imil a ti on. uni\'a ri a te a na lysis a nd 
a di a ba ti c non-linea r norma l-mod e initi a li za ti on. Th e 
d a ta inse rti on is consid ered in th e sequ ence: surface 
pressure. tempera ture, mo isture a nd wind s. The ph ys ics 
of th e a na lys is-a nd-predi cti on mod el is simil a r to th a t of 

th e BMRC climate mod el whi ch has been d esc ribed in 
d e ta il by H a rt a nd o th ers ( 1990). A few of th e sa li ent 
fea tures arc worth menti oning here. 

Th e spec tral mod el uses th e te rra in-follow in g u 
\"C rti ca l-rela ti ve-press ure coo rdina te schem e whereby th e 
pressure a t th e surface is th e lowes t level and subsequ ent 

b 'e ls a re a t fi xed fi"acti ons o f" th e surface pressure. These 

fractions a re: 0.991 , 0 .925 , 0.811 , 0 .663, 0.500, 0.336, 
0. 188, 0.074 a nd 0.008 . Th e spectra l representa ti on is 
tra nsfo rmed to a G a uss ia n grid where th e la titudin a l 
spacing between points is a pproxima tely 2.30 la titude, 
a nd a pproximately 2° longitud e a t 60° S, which conve rges 

with th e meridians of lo ngitude to th e poles. Compared 

\\'ith th e radiosond e d a ta th e mod el a na lyses a re quite 
comprehensi\ 'e in co\·e rage . Twice-d a ily a nalyses h;.1\"e 
bcen used fo r th e present stud \, . In the time-fra m e o f 0 .5 d 
th e a tmos ph eri c motio n is controlled prima ril y by th e 
ad vectio n of \·orti city. This means th a t \\"ith th e present 

d a ta th e mod el, O\'er tim e, d oes a reasona ble j ob of fillin g 
th e ga ps in th e d a ta cO\'e rage to th e resolution of th e g rid 
points. 

4. TECHNIQUE USED FOR MOISTURE 
TRANSPORT AND FLUX 

Th e mod el ana lyses includ e moisture a nd winds a t a ll 
le\'e I5 fo r a ll g rid po ints. From th ese th e mo islure­
tra nsport lluxes and diverge nces o f nux can be com­

puted . The ne t flux divergence in th e co lumns gi\'es th e 

ne t acc umul a tion (A ) o r th e difference in precipita ti on 
(P ) a nd evapora tion (E ), i. c . (P - E ), over th e surface 0 [" 

th e topog ra ph y. At this stage wc d o not consid er drift­
snow tra nsport. Integral closures can be carri ed o ut to 
chec k tota l mass a nd moisturc O\ 'e r a n a rea with th e ne t 

flux es ac ross th e bounda ri es . The data ha \ 'e bccn used to 

exa mine th e monthl y mea ns a nd a nnu al cycles of to ta l a ir 
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Fig , 1, T he alll'lual meall total co11l17711 lIIoisture Ol'e!' the Alltarctic regioll ( ill 111111 o[ water) ,I hows a strollg deaeaJf with 
increasing sll/jaa elevation, Above 2,5 kill there is genemL[J' les,l than 0,1 111111 total i.('{/ter, 

m ass, total co lumn m oisture a nd to ta l m ass a nd m oisture 

nuxes OI'e r th e Anta rc ti c contin ent a nd as fun c tio ns o f 

ele\ 'a ti o n a nd la titude , 

5. RESULTS OF NET MOISTURE·CONVERGENCE 
ANALYSIS 

The to ta l \ 'e rti ca l- co lumn m o isture is stro ng ly co n tro ll ed 
by te m pe rature a nd th e \\"a ter- \ 'apo ur saturat io n re la ti o n , 
Equ a torwa rd or th e Anta rctic continent, ovcr th e ocean 
th erc is a s tro ng g radi ent with la titud e, O\'Cr th e 

A nta rc ti c contin en t th e ele \'at io n is th e d o min a nt fac to r 

as sho\\'n b~ ' th e a nnu a l a \'e rage column m oisture gi\ 'en in 

Fig ure I, Th ere is a lso a \ 'C ry st ro ng a nnu a l cyc le , \\ 'ith 
monthl y m ea n \'a lues in summ er be ing so m e 3-1- times th e 
co rres po ndin g \l' int e r va lues, as sho\l'n in T a bl e I, Th e 
ne t acc umul a ti o n , hO\l'e \ 'er, is ac tu a ll y g rea ter in \I 'inte r 

th a n in summe r. This is because it a lso d epe nds o n other 

facto rs such as tempe ra ture g radi ents, tra nspo rt by wind s 

a nd frequ e ncy o f c\'C lo ni c ac ti \' it y, a ll o f' \I 'hi ch show 
g rea te r inte nsit y in \I' in ter. 

The tota l co lumn mo isture is \T ry sma ll compa red to 

a nnua l ne t acc umula ti on , In fac t th e ne t flu xes in\l'a rd s 

a nd o utwa rd s a round th e bo und a rv o r th e Anta rcti c a rc 

la rge in compa ri so n with th e to w l co lumn-moisture 

cont ent a nd a re equi \'a lent to turning OI 'e r th e co lum n 
mo isture in th e ord er o r days , d epending o n th e season, 
Th e inflow a nd o utfl ow as a run c ti o n or he ig ht , fo r 
summe r, winte r a nd a nnu a l mea n , a rc shown a lo ng \I'ith 

th e ne t tra nspo rt in Fig ure 2, 

Prec ipita ti o n , e\'a po ra ti o n , co nde nsa ti o n a nd su b li­

ma ti o n \'a ry continua ll y as the a ir mOl'es a ro und thro ug h 
th e tempe ra ture g radi e nt s, T he ne t acc umul a tio n is th e 
d iffere nce bet\lTe n th e to ta l inflOl"\' a nd o utn O\l" flu xcs. 
whi ch a rc bo th la rge te rms, compared to th e net, In th e 

T able I, Allllllal c)'cle oJm'erage colllmn /I1oisture and arCIIl/llllation rate Ol'er .'lntarrli(([.JI'OI/I almosjJ/ieric alla()'se,1 (u.' ,e,) 

J ail Feb .lIar AIJr ,\1 (~) ' JI/I/ J I/£) ' , JI/g Sel)t Oct , \ '01' Dec AI/III/al 

~I ea n column 

m oisture (mm ) 3 ,7 3 ,2 2 ,3 1.8 1,+ 1.1 1.0 0,8 1. 0 1.+ 2 , 1 3 ,+ 1,93 

Ne t acc umula ti o n 
ra te (mm a I ) 

O\'era ll 10 1 150 174 188 180 172 17+ 162 186 15 1 143 108 157 
AbOl'(, 1500 m +4 69 6 1 70 58 +6 40 33 57 51 6 1 6 1 5<1-
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Fig. 2. l'ertlcal JHqfiles oJ moistllre flu I inwards ( lIegatil'e ) , oulwards (/Josilil'e) ({nd lIet flll.1 illtegraterl aroulld the 
"·llItarctic coast ( at 70 S) aJ aJllllctioll q[ elel'ation, giz'eIl ~) ' the sigma jJressllre laels,Jor slimmer. winter alld anll llal meall 
cOIIC/itiolls . Unils (Ire g 111 Si . 

a nnua l to ta l the inflo\\' is grea tes t a t a bo ut th e 1000 m 
ele\'a ti on ra nge . In summer a t 10\\' e lenltio ns near th e 
coast, th ere is a net loss from th e surface associa ted wilh 
grea ter ne t o utfl ow. prima ril y assoc ia ted with th e 
ka ta b a ti c winds a nd hi g he r tem pera tures a r lower 
eleya ti o ns. 

5.1 Net accuIIlulation distribution 

The pa ltern of net acc umul a ti on O\'er th e conlinent , as 
deri\'ed ri'om th e nel flu xes, is ShOll'll in Figure 3, a long 
\\'ith a co mpilati o n based o n sur face g lacio log ica l 

obsen 'ati ons, f1'om GiO\'i netto a nd Bull (198 7) . 
The pa tterns a rc ra th er simil a r a nd show a m a rk ed 

di sto rti o n o r th e simple eleva ti on pa ttern d epic ted by lh e 
mean co lumn moisture. This di sto rti o n is s tro ng ly 
assoc ia ted with th e pa tt ern of the \\'ind s \\' hi ch d epe nds 
on th e surface eleva ti on o f th e topogra ph y as well as the 

press ure g radi ents. Figure 4a sho ws th e pattern of' 
surface winds superimposed on th e spec tral-m od el 
surface to pogra ph y o f' th e contin e nt. Outsid e lh e 
Anla rc ti c the m ean wind nO\\' d epic ts th e m ain cyclo ni c 
regio ns a round th e contin ent. 0\"(' 1' th e co ntin eI1l the 

surface topogra ph y a nd ka taba ti c winds a lso have a 

strong innu en ce o n th e m ea n surface n o w . Th e 

magnitudes of the acc umul a ti on ra tes ri'o m the glacio­
logical o bsel'l'a ti o ns, di g iti zed to a 20 km g rid , by Eudd 
a nd Smith ( 1985 ), a re compa red wilh th ose fro m lh e 
GASP a na lyses , as a [un c li o n of la titude a nd ele\'Cltio n , 
in T a bl e 2. 

Fig ure 4 b shows th e a nnu a l m ea n \\"incl fi eld , a t th e 

0 .8 11 cr-le\' e l, supe rimposed o n th e acc umul a ti o n 
di stributio n . It can be seen th a t the m a in coas ta l 
hig h-acc umul a tion areas le nd to be associa ted wilh 
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regio ns o f strong inflo \\·. Simil a rl y th e lo we r-acc um ula ­
ti o n a reas tend to be assoc ia ted with m ea n wind 
o Ulfl ow . Thi s becom es m o re a ppa rent when exa mining 
the winds a t diffe rent leve ls, with inflo w more rel a ted to 
th e circ ul a ti o n o f th e lower tro pos phere a nd o utfl o w 
m o re re la ted to th e near-surface ka taba ti c now. 

Altho ug h thi s a ppli es in the m ea n , th e highl y d yna mic 
na ture o f the circul a ti on , with low-pressure centres 
movin g co ntinuall y a ro und th e coas l, results in hi g hl y 
\'a ri a b le net inflow a nd outflo w a t a ll le\ 'C 1s a nd 
loca ti o ns. 

5.2 Annual cycle of net accuIIlulation 

The \"a ri a ti on in net acc umula ti on throug h th e a nnua l 
c\'(' le is \"ery importa nt beca use il prO\"id es a mea ns of 
chec kin g the a bilit:· of models to reproduce observa ti ons 
ove r a wid e ra nge o f' te mpera ture, d yna mi cs a nd 

T able 2. Allllllal meall accllmula tion with lalitudinal alld 
flemtioll distribulion Jrom atl710sjJheric alla£)!ses ( G'.-lSP) 
alld glaciological observaliollJ ( Obs ) 

Latitude band 

90- 85 S 
85 80 S 
80- 75° S 
7570- S 
Contin ent 

Elevation 
Obs GASP 
km km 

2.76 2.5 3 
1.95 2. 18 

1. 94 2.05 
1. 22 1.54 

AccumuLatioll rate 
Obs GllSP 

mm a mm a 

68 6 1 
82 88 

135 145 

209 2 13 
160 157 
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Budd alld otlz ers : .-llItarctic moisture flu ,\ alld !let aCCllmuiatioll 

(a) 

Fig, 3, a. T ile alll1 ual lIleall Ilet swjace acwl1111latioll./rom the moisture }lu\es (ill mm lC .e. a I) as deril'ed from tlte 
atmospheric GASP al1a~Jlses . The jJallem alld magll itude oJ tlte distributioll show strollg sil7lilariO' to tlte distrihutioll 
co mjJi/ed Jrolll g!aciologica! obsen1atiolls I~J ' Giol'inetto and Bull ( 1987) as SliOll'lI in b. 

circul a tion , etc. Th e res ults for th e a nnu a l cyc le fi'om th e 

moisture cO Il\ 'C rge nce of th e a na lyses a re shown in Figure 5 

fo r different ele\'a ti on regions. The to ta l acc umula ti on is 
d omin a ted Iw th e coas ta l region below 1500 111 , \I'here 
there is a strong winter peak . For inl a nd regions th ere is 
rela ti vely little sys tema ti c \'ari a Li on during th e yea r. A 
simil a r res ult was obta ined from th e U.S. N~lC a nah 'ses 

by Yamazaki ( 1992 ). There is a lso rela ti\ 'ely high \'a r­

ia bility from vea l' to year, a nd frequentl y th e highes t 
acc umula ti on occ urs a round th e equinoxes. 

Direc t obsen 'a tional d a ta fo r th e a nnu al cycle of ne t 
a cc umul a ti on from g laciological m easurem ellls a rc still 

ra th er poo r. Th e data a \'aila ble provid e ge nera l suppo rt 

fo r th e a bO\'C results. Rusin ( 196 1) prO\' id es a summ a ry 

o f IGY o bse n 'a ti o ns whi ch indi ca te hi gh e r \I' inter 

acc umul a ti o n nea r th e coas t a nd rela ti\ 'cl y unifo rm 
acc umul a ti o n , o r Ill o re in SUlllmer, inl a nd. Black a nd 
Eudd ( 1964) sho \\' th a t a stro ng annual cycl e o f' 
acc ulllul a ti o n occ urs in th e coas La l region o f \\'ilkes 
L a nd, \I' iLh winte r build-u p a nd summer d eOa tio n. 

Furth er inl a nd th e a mplitude of th e a nnu al cycle 

d ec reased to g i\ 'e a re la ti\ 'ely unifo rm acc umula ti o n 
ra te . An importa nt consequ ence o r th ese res ults is rh a r 
th e tored ne t acc ulllul a ti o n \'a ri es during th e year in a n 
opposite way to th e tota l column m oisture. This impli es 

tha t \'iews re la tin g ne t acculllu la tion cha nges direc tl y to 

[53 
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0.261£+00 

ltinlmum Vector 

O.256E- Ol 

Minimum Vector 

O.126!+02 
-+ 

Wazimum Voctor 

O.128E+OZ 

------­WaIimwn Veclor 

Fig. 4. a. The annual mean surface winds (Ill Si) from the GASP alla0lses, sllf;erimposed on the R3! spectral topography. 
The jJal/em shows the strong irifluence Dj the topogwjJl!)! arid katabatic flow as well as the mean-jmssure field. b, The 
(wnl/a! mean net accllmulationjroll1 GASP together with the mean sUlface windfi'e!d (ms I at sigl/la = 0,811, T he high­
and low-accumulatioll regions are clear0' associated lcith inflow and olliflow, resjJeclive/y, as weLl as with tojJograp/~y , 
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Fig , 5, Th e alllll/al l'{[riatioll ill lIet accumulatioll rate, a,1 

r/eril'ed Irom the lIIoistllre COIll'flgence ill l/ie G. 1SP 
alla[I',le,\ , 0'/101('1/ jiJl' t/ie If' /i o/e q/ Alltarctita am/lor t/ie 
regiolls abol'e 1500 alld 2500111, 111 (OlltraJtlo the (0 11111111 

lIloi.l ture the coastal a[[llllllllatioll role Imds 10 be huger III 

l('illler Ihall ill SlIlIImer , 

tim e cha nges of temperature a rc simplistic without 
adeq ua te consid era ti on a lso o f c ha nges in the dy­

nam ics, S imila r limita ti ons ap pl y to the more comp re­

hensi\'e diagnostic relations d e rived fo r accumulation, 

such as those g i\ 'en by GiO\ 'inctto and others ( 1990 ), 

6. PROBLEMS STILL REMAINING 

E\'en th ough reasonable agreement has been fo und on th e 
pattern 0 [' th e a rea l di stributio n 0 [' accumulation a nd its 
\'aria ti o n through th e yea r [i-om th e mois turc-nu x 
di\ 'erge ncc and the g lacio logica l o bsen'a ti ons, there a re 
still a number of problems \\'ith thc a na lyses, First, th ere 

a rc still signi(i cant closure errors fo r both mass a nd 

moisture, Erroneous nega ti\'e-m o isture amou nts a rc 
gene rated , particularly a t hi gh ele\ 'a ti ons a nd o \'er th e 
interio r, Higher reso lution is still required : in th e yertical, 
to pro\'ide be tt er c losure a nd impro\T the simulati on of 
the lo\\'er boundary la ye r; and in th e ho ri zon ta l, to 

imprO\'e thc trea tm ent of now aro und th c topography, 

Similar problems were fo und by Tren berth ( 199 1) fo r thc 
lac k of mass c losure in th e EC \I\\ 'F a na lyses, H e 
recomm end ed th e use of more [iTq uen t analyses (e,g, 
4 cl I ) to imprO\'e th e clos ure, F or th e a nalysis present cd 

hcrc, th e mass-closurc error suggcsts an un ce rta inty in th c 

ne t moisture nu x and accumulation of' ± 10% , 

So far, snoll' drift and surfacc mclt ha\T not bccn 
treatcd, This is not consi de red se ri o us at this stage. since 
they affect on l\' a s111a ll fj'action of the coastal grid boxes and 
are no t resoln:d , HOII'e\'er. both cou ld be com puted diag­
nostically in a complc te trea tm ent. Fina lly there are still 

la rge gaps in th c meteorological data co\'(:' rage, This 

problem co uld bc dealt with by increased numbers of 
d ri rti ng buoys, a u toma ti c wea th er stations and morc sop h is­
ticated use or the satellit e (TO\'S data O\Tr the contincnt. 

7. FUTURE DEVELOPMENTS 

The major g lo ba l wea th e r- a nal ysis centres around th e 
\I,Ot- ld h<l\ 'C been improv ing th e ir analyses b y in c reas ing 
their rcso luti on , upgrad ing th e ph) 's ica l parameteriza-

Blldd alld alher,): Alltarctic moislllre /flll alld lIel a((lIlIIulalioll 

ti ons a nd integra tin g morc ex tensin' o bsen 'a ti ons into 
their ana lys is. suc h a s cloud drirt \I 'ind5 at upper 1('\'(' 15, 
a nd scat terome te r s url~l ce lI'inds o\ 'er th e ocea n, Th e 
Aust rali an Bureau of \!ct l'oro log\' has introd uced a new 

hi g her-reso luti o n a na lyscs sc hemc R53. L 19 lI'ith 

impro\Td assim ilat ion tcchniques, a nd thcir ope rat iona l 
e \'a lu at io ns o\'C r I \'ea r indi ca te substa nti a ll y imprm'('d 
pe rli:)rllla nCe , The use o r higher-resolution nes ted g rid s 
O\'er the .\ ntarc ti c a lso promises impro\'ed performance 
for th e m oisture budget, a ndmo isture-tra nspo n schcmes 

il1\ o!\'ing a sem i-Lang ra ng ia n trea tment a lso ap pea r 

grea tl y to red uce the c losu re problems, The Sc:. \ R 
Anta rct ic metco ro logy program FROST ( First R cg io na l 
Stuch' o f th e Tropos phere ) during 199+/95 shou ld 
prO\ ' ide a \'a lu a ble oppo rtunit y to C\ 'a lu <1 tc more 
thoroughly th l' ped()rlllance o r the current a na l)'ses, 

E\ 'en nO\l' it is possible to m o nito r Anta rc ti c m oist ure 

nu x a nd acc umul atio n o n a continu a l basis, ri 'om daik 

timc-sca les to inter-a nnu al \'a riati ons . to com parc \\'ith 
dircc t surra ce obscn'a ti o ns, Tt ma y then be possi ble to 

d e tec t ea rl y sig ns o r long-tcrm trends a bo\'c the 
bac kground 0 [' the seCLtl ar-typc nuct ua ti ons d escri bcd 

b y Enomo(O \ 1991 1, 

8. CONCLUSIONS 

llll pro\'emcn ts in g lo ba l m eteo ro logica l ana h'ses in 

rece nt yea rs ha\'C madc it possible to d e ri \'C reasonab le 

pa((crns of net acc umul a ti o n OHT th c Antarctic from th e 
flu x co n\ 'Crge nce o[the moisturc tra nsport, Th c LOtal ne t 
acc umul a ti on a nd it s nlr iat ion during the yea r is found 
to bc in reaso nable ag reement with th e data dnin'd 
from g lacio log ica l o iJsen 'at io ns, There is st ill a nced to 

o btai n a m o rc com prchcnsi\'(' m od ern-acc um ul a tion 

data set from g lacio logica l obsen'a ti o ns including the 
seasonal cyc le, Th e re a rc still prob lem s \\'ith th c 
met co ro logica l analyses in c lud ing lo\\' reso luti o n , ga ps 
in the obsc n 'at io n CO\Tragc. a nd c lm' L1re on th e mass and 
m oist ure budgets, 

Continuing impro\'cm cnts in allal~ 'scs promisc to 

pro\'id e a so und basis for assessing the performance of 
present-e limatc models a nd mo nito rin g c lim a ti c change, 
In thi s \\' <1\ ' g rea ter confidence can be ge nera ted [or modcl 
simLllatio ns o r I'uture cha nges , o f- th e Antarct ic ice-shcct 

surfacc Ill ass balance and of the impli ca ti o ll 'i fo r sea -le\'C1 

change, 
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