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ABSTRACT, D ata from a rawinsonde ne twork a re used to pro\'id e ae ro logica l 
estimates of monthl y precipita ti on minus e\'a porat ion (P - E ) averaged ove r the 
regio n north of 70° N. Using published c1imatological es timates of E , area -a\ 'eraged P 
is ob ta ined fo r each month a nd yea r as a residu a l. Using surface temperatures from th e 
rawinsonde network , th e fra c ti on of prec ipit a ti on fa lling as snow is th en estim a ted, 
O\'er the 1974 9 1 stud y period, prec ipita ti on a nd snO\\'Ia ll (wa ter equi\'a lent ) han' 
a nnual means of 26 ,6 a nd 19 ,0 cm , res pect i\'ely, Assu ming a represent a ti\ 'e aged 
sno\\'p ack d ensity of 330 kg m 3 yields a tota l sno\\' d ep th of57 .5cm . The mean a nnu a l 
cycles or both va riabl es di splay a n a utumn maximum , hut becausc of' th e tcmpera ture 
d epend ency, nearl y a ll precipitat io n fa ll s as ra in during Juh' a nd Augusl. Composite 
a na lyses re\'ea l th a t increased precipita tion for a ll seasons a nd in creased sno\\'fa ll for 
winter a nd a utumn a rc favored by a "\I'inte r-type" circul at io n pattern, characte rized 
by stronger troughs over the Atlantic a nd Eurasian sec tors of the Arctic , associa ted 
with inc reased cyclo ni c activity ove r th e Arcr ic periphera l seas . 
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I ncreasing recogniti o n of th e im portance of th e Arctic in 
th e g loba l c li m ate syste m po ints to th e need fo r 

imprO\'ed as.'essments o r Arctic prec ipitat ion and snow­

fa ll. The existence of th e ice cO\'er strongly d epends on 
the l1l a illlena nce of a rela tively fresh low-density surfacc 
laye r, dri ve n prim a ril y by precipitation 0\'1"1' la nd a nd 
subsequent fres h-water inOow b y ri\'e rs, but a lso by 

prec ipi tation o\'e r sea-ice and open-water a reas , a nd 

summ e r m e l t (Aagaard and Carmack, 1989 ) . A 
sign ifican t contribu tor y factor is th e hig h surface a lbedo 
of th e ice cove r which, w hen fu ll y snow-cove red in ~ l ay, 

may exceed 80 % (Robinson a nd o th ers, 1992 ) , Nevel'­
thcless , the cha racte rist ics of Arctic prec ipitat io n a nd 
snowfa ll a re poo rl y known , O\'e r th e Arctic O cean (Fig . 

I) direc t informatio n is la rgely limi ted to ficldl1l easure­

ments of snow d epth (e ,g , R Ol1l a n O\', 1993 ) , A ltho ug h 
records a re a\'ailabl e [a I' coas ta l, isla nd a nd inl a nd 
sta ti ons (Vose a nd ot hers, 1992 ), the tendency fa r 
co ll ec ti on ga uges to " catch" o nl y a fraction of snow in 

areas wh ere w ind-d ri\'en snow is commo n res u lts in a 

bi as towa rds low precipitation a mounts (W oo a nd 

others, 1983 ) . As most Arctic statio ns a re a t low 
a ltitud e, the tendency [o r prec ipitat ion to inc rease wi th 
eleva tio n probably a lso results in a n und eres tima te of 
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Fig. 1. Location majJ showing the rawinsollde slntions llsed 
ill f/i e ana()lsis (s lars) , ResuiLs ]rOIl/ ,m 'eral a/J/;ro\imale[J' 
co-located slaliolls Iw /'e beell combilled 10 /Jro vide colII/J/eLe 
records (see In I ) , The 70". \ ' circle is showll ill bold. 
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reg iona l a \ 'C rages, These problems a re rev iewed by 
G ro isman and others ( 199 1) , 

R ece ntl y, \\'e h<1\'e begun to address some of th ese 

concerns through prO\'iding a rea l estimates of precipita­
ti on minus e\'a poration (P - E ) \·ia the water-\'a por nux 
cO Il\T rge nce approach (Alesta lo, 1983 ), using a n exten­
sive ra win so nd c a rchi ve, P - E represe nts th e net 
fiTshening or sa lina ti on of th e ocean throug h surface 

exchanges with th e a tmosphere, a nd th e net ga in or loss of 

\\'ater by the land surface throug h exc hanges \\'jth the 
atmosphere. Serre~e and ot hers (in press ) used raw­
insond e data for 1974 91 to determine climaLOlogical 
P - E fo r the region no rth of 70" N, P - E is positi\ 'C in 
a ll months. peaking in Septem ber . The an nu a l \'alue o[ 

16 .3 cm is 36% hi g her tha n the es timate o f' Peixoto a nd 

Oon ( 1992 ) based on earli er d a ta . In a subsequent srud )" 
\\' a lsh a nd oth ers ( 1994,) examined inter-a nnu a l \'a ri a­
ti o ns in P - E fo r a sma ll er centra l Arctic Ocean domain 
a nd th e rvl ac kenzie Ri ve r bas in. 

H ere, \\T extend th esc studi cs and use published 
c1imatologica l est im a tes o f' E to ob tain P as a residu a l 
O\'C r the regio n no rth o f 700 N for eac h month a nd yea r 
fr o m 19 74 to 199 1. Us in g a lin ea r temperature 
adjustment (R oss a nd \\'alsh , 1987 ), wc then es tima te 
th e [raetion or P represented by snow (S ), with in te r­
a nnu a l \'ari at ions in P and S diagnosed in terms of 

circul a ti on, Com pa risons a re m ad e with prec ipita ti on 

\'a lu es redi g iti zed fo r th e sa m e d o m a in from the 
G orshk O\' ( 1983 ) a tlas, based o n SO\·ie t data up to 

1980; the i\l aykut a nd U n te rstein er ( 197 1) snowfa ll 
climat ology; and th e April snow-d epth maps prO\'id ed 
Iw R omano\' ( 1993 ), based on Russ ia n expedi li ons a nd 

field programs in the 1970s a nd 1980s . The choice of the 

70" l\ circle for the P - E computatio ns reflects th e 
rel a ti vely dense slation net\\ 'o rk nea r thi s la titud e (Fig . 
I ) , as well as the desire [or consistenc y with previous 
\I'ork, Objecti\ 'e a na lyses produced by Ilumel-ical weath­
er ce nters may e \'Cntual ly be a ble to provide accurate 

Arctic preci pi ta tion data se ts (Chahine, 1992 ), a nd 

planned "reanalys is" p roj ec ts will a ll ow the fi e lds to be 
used more effec tively in \'a po r-flu x co mputa ti o ns. 
:'-I c\'e rth cless , at present. anal ysis of rawinso nd e d a ta is 
s till th e bes t app roac h [or assess in g a tm osp her ic 
hyd rolog ica l \'a ri a ti ons, 

2. DATA AND TECHNIQUES 

a. Rawinsonde archive 

Our primary data base is the hi stori ca l Arctic rawinsond e 

arc hi\'e (HARA ) (K a hl and o th ers, 1992 ), which contain s 
a ll <1\'a il ab le soundings for fixed sta ti ons north o[ 65° 1'\ 
th rough 199 1. Sou nd i ngs typi call y ex tend to at leas t 
300 lllbar and conta in reports at fi xed m a nd a tory 
pressu re le\'e ls (e ,g , su rrace, 850 a nd 500 m bar ) a nd 

sig nifi cant le\'Cl s (irreg ul a r pressure 1C\'els report ed on the 
basis of conventi ona l vert ica l- cha nge criteri a ), Unfortu ­
nately, the number or sign ifi cant le\'e ls reported [or 
Eurasia n sta ti ons is redu ced prior to 1974, As th e la ck of 
sig nifi ca nt le\'e!s ma y degrade th e acc uracy o f th e 

moisture calc ul a ti ons, we use d a ta fo r th e 1974 9 1 

peri od on ly, al both 0000 a nd 1200 U T G. 
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h. Estimation of P - E 

Qu a lit y control and d a ta reducti on foll ow Serreze and 

others (in pre s), In th a t stud y, fo r eac h sta ti on a nd year 
rep resented in the HARA, monthl y mea ns were compil ed 
o[ the \'eniea ll y integra ted specifi c humidity (Q , usuall y 
termed precipitable water ) a nd meridi ona l vapo r nu x (F ) 
from the surface to 300 mba r, a bove which we ass um e 
water va por to be negligibl e, The mean sta ti on flux es 

\\'e re then pas cd into a C ressma n ( 1959) a na lys is to 
interpol a te th e data to 70° N at eve ry 100 o[ longi tude, 
Th e \ 'ap or-flu x con\'e rge nee [or eac h month was 
determin ed as 

(1) 

whcre FL is th e interpo lated flu x a t a give n longitud e, de 
is the leng th a long th e 70° N lati tude ci rel e (totaling 
1, 37 x 10"' km ), and A is the a rea enclosed ( 15.4 x 106 

2 km ). Following Ales ta lo (1983 ), th e flu x conve rgence 
\\'as then used to estimate monthl y P - E [or th e regio n 
no rth of 70° N as 

P - E = - \7' FL - aQ/at (2) 

where 8Q/ 8t is the mo nthl y rate of cha nge ofprecipitablc 

wa ter in the domain, This ap proach ignores the con­
tributi on of cond ensed wa ter (as eith er ice crysta ls or 
drop lets), wh ich, es pecia lly for the Arctic , sho uld bc 
negligible . 

Serreze a nd others ( 1994) ignored cha nges in th e 

di stribution of sta tions; a ny individu a l stati on mean was 

passed in to the interpolation procedure, provid ed that it 
was represen ted by a required minimum number of cases, 
R esults for the 18 yea rs ( 1974-9 1) we re th en ave raged, 
\\' a lsh and o th ers (1994) find th a t minor cha nges in th e 
stati on network have littl e impac t on ana lysis of inter­

annua l varia ti o ns in P - E. Ne\'erthel ess, to prov ide a 

homogeneous data base, we first examined th e monthl y 
mea ns for each station a nd yea r. rf th ese fa il ed to pass the 
thres hold requirement for the number o[ cases, th ey were 
treated as miss ing, with new monthl y means then found 
by Cressman interpolation from surrounding station 

means, This re ulted in complete time seri es for a ll 

stations. P - E was then d etermined using mon thl y 
means on ly from those stat ions requiring interpolation 
from surro unding sta ti ons for less tha n 30 o r the possible 
2 16 mon ths in th e 18 yea r d a ta reco rd (13.8 % ) . Followi ng 
Serreze a nd othe rs (in press), 8Q/ 8t for each month (m ) 
\I'as fo und from the difference in Q a\'eraged o\,e r month 

(m ) a nd (m + 1), m i n us the average ove r mon th (m ) a nd 
(m - 1), using o nl v those statio ns no rth of 70o N, Th e 
fin a l network of 47 selec ted sta ti ons is shown in Fig ure I. 
Pa rti a l reco rds for se\'eral nearl y co-loca ted sta ti ons ha\'e 
been combined. 

c. Estimation of precipitation and snowfall 

The Kor~ un ( 1977 ) a tl as contains clim ato logieal month ly 
es tim a tes of E [or different regions of the Arcti c, based on 

coas ta l and drifting sta ti ons. Using these data, c limato­

logica l monthl y E was obta in ed for th e region north of 
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70° ;\. Th e mo nthl y tota ls, which ra nge from 0.30 cm in 
Janu a ry to 2.05 cm in O ctober (w ith a n annual total of 

10. 3 cm ), were th en 'ubstituted into the P - E es tima tes 

to obta in P for each month and year. P is hence onl y 

so h-ed in terms ora climato log ica l seasona l cycle in E; o ur 
res ulting P \ 'alues will still conta in some unresoh'ed 
co mpo nent of E re la ted to its iI1le r- an nu a l \·a ri ab ility. I f' 
d irect measuremen ts of P a nd E re\'ea led th at the two 

va ri a bles a re negati\ 'e ly (positively) co rrela ted, substitu­

tion of c1 im a tologica l E into our P - E \ 'a lu es \I'o uld ac t 

to o\'e res tim a te (underestimate ) th e true inte r-annu a l 
\'ariabilit ), in P . Although a n ilwerse relationship see ms 
more like ly (i. e ., with hi g h P one migh t ex pec t a smaller 
vapor g radi ent , lead ing to a reduc ti on in E ). the strong 

addit iona l dep end ence orE on th e g rad ient in wind speed 

ma kes thi s diffi cult to assess . Altho ug h it m ay hm'e been 
poss ibl e to use th e rawinsond e network to prO\' id e time 
se ri es of E. we made no a ttempt to d o so here. 

Following R oss a nd Walsh ( 1987 ), th e fraction of 
prec ipitat ion fall ing as snow was ass umed to \'a ry li nearly 
from 100% fo r a n a ir temperature <-5 ue to 0% fo r 3"e. 

The temperature (T ) d a ta consisted of the aggregate 

monthl y means for eac h yea r of the lowes t reported 
tempera ture leve l in th e soundings, using a ll stat ions 
north o f 70° N. Clea rl y, thi s approac h a lso has limiwl.i ons. 
Alth o ug h during th e cold season it is reasona bl e to expect 

nea r ly a ll precipitation O\'er th e Arcti c basin lo fall as 

snow, the inland a nd coastal di str ibution of th e sta ti o ns 

may res ult in bas in-\\'ide temperatures be ing somewhat 
ove res tim a ted , potentially leadin g to underes tim a tes o f 
snowfa ll during summer a nd th e tra nsition months. 
Furth erm o re, as th e tempera ture o n "precipitat io n 

da ys" during summer is likely to be lower th a n th e 

m ean mon thl y temperature. this \I·ill a lso ac t to und er­

es tim ate snowfall. It should be clea r that we a r e prO\' iding 
first-order est imates of P an d S. 

3. RESULTS 

a. Long-terltl Itleans 

Averaged O\'er th e 18 years, a nnu a l P - E . P a nd S, a ll 
exp ressed in term s of water eq ui va lent (w.e. ). a\'e raged 

O\'e r th e 70 90° N region, a re 16 .3, 26 .6 a nd 19.0 cm . 

respec ti ve ly. Th e P - E e ·tim a te is id enti ca l to tha t of' 
Serreze and o th ers (in press ) . By compar ison. a nnual P 
from th e Gorshkov ( 1983 ) atlas is sli g htl ), hi g her at 
29 .3 cm. Using th e same mean sno\\'pack d ensity of 
330 kg m 3 e mpl oyed by i\ I ay kut a nd lintel'ste in e r 

( 197 1), which acco ulHs fo r se tt li ng a nd aging of th e 

acc umula ted snowpack (typica l fresh sno\lfa ll dens iti es 
a re 70- l 65 kg m- 3

; see G ood iso n a nd ?\le tca lfe, 198 1). th e 
w.e. sno wfa ll equ ates to a n acc umula ted snow depth of 
57.9cm. Th e .\Iaykut a nd U nte rsteinc r ( 197 1) c lim ato l­
ogy, wh ich is used as th e basis for snow-cove r input in 

most current sea-ice modcls, has a n acc umul a ted a nnua l 

snow d epth of 40 .0 cm . As that es tim a te is representative 
of' th e sea-ice-cove red regio ns of the Arctic, and ours 
includes oceani c regions O\'er th e Atla nti c sid e of the 
Arctic where precipitatio n a ppears to be compa ra tively 
high (Gorshkov, 1983 ), thi s diffe rence is not surprising . 

Fig ure 2 prO\'ides th e seasona l cycles in P. Sand T. 
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Fig. 2. Sea.lOl/al (}fIe oJ 1II1'{1I1 aerulogical!)' deril'ed 
/JlecijJitatioll (Clll ) . snol(j'all (1' 111 lI' .e.) al/d tellljJeratllre (" c,). 

From October th ro ugh .\l ay, P and S a rc id ent ica l. 
re ll ect ing the mean tcmperalUrcs < .1 C. By eontras!. 
essenti a ll y a ll prec ipita ti on 1 ~t1l s as ra in dlll'ing Jul y and 
. \ ugust. Both \'a ri ab les sho\l' a Septem bel' :\ o\'('m bel' 

max imum . .\ Ion thl ), precipitation f'rom th e GOl'shko\' 

( 1983 ) at las is 2.2 cm in J anuan·. 1. 6 Clll in .\ priJ. 3.8 cm 
in .-\ug ust and 2.0 cm in D ecember. GOl'shkOl'\ \'a lu es are 
hence somewhat hi g hcr during \I-inte r months \I'ith a 

some\I'ha t lower maximum occ urring ea rli er in th e yea r. 

J\l a\'ku t and Lntersteiner ( 197 1) shc)\\- a la te Augus t 

October s no\\l ~lll maximum. Th eir maximu m mont hl \' 

sno\l-[all \I-.e . 0 1'-1-. 3 cm is reasonably close to o ur October 
max imum of' 3.8 cm. Rom<l nOl"s (1993 1 a\'(' rage ccntra l 
Arcti c snO\l- d epth of 20 CI11 for .\pril is o lll y one-third of' 
th e den sity- a dju sted accumu lat ed September .\ p ril 

snowfa ll (i'om Fig ure 2. Aga in , g i\ 'en ou r large r domaill, 

thi s is not surprising. 

h. Inter-annual variations 

Fig ures 3 a nd 4 di spl av th e tim e se ri es or P a nd Sas ha r 

plots. For eac h ~ '('a r. th e tota l length of the bar represents 

the a nnua l total. \I 'hil e li'om bottom to top th e indi\ 'idu a l 
ba r segments represe nt th e contributions li'om Wll1t('l' 
J anuarv .\I arc h . spnng April Junc ). summer Jul y 
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Fig . 3 . . "ll1l1l1al alld seasonal tilllP serie.) of aerological[J' 
deril'ed /)),eCljJitatioll (1'111 ) . Frolll bottolll to to/). the 
indil'idual bar .)egllll'llt.) Jor each )'ear re/J/"fJ mt It'illter . 
sprillg, .)Ullllller alld alltllmll. res/Jeclil'e~) ' . The long-teoll 
.I er/sonal means are: willter ( -1.1 cm): sjJrillg (5.-IclII ) : 
.llIl1lmer (8.8 Cl 11 ) : alltllmn (8.3 CI/I) . 
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Fig. 4. Annual and seasonal time series 0/ aerologicaLl), 
derived snow/all ( cm w.e.) . From bollom to tal), Lhe 
individual bar segments for each )'ear rejJresent winter, 
sllring, slimmer and autumn , respectivea,. The long-term 
seasonal mealls are: will/er (4.1 cm ) ; spring (3.9 cm) ; 
summer (2.6cm ) : autumn (8.3cm ) . 

September) a nd a utumn (O cto ber- Dece mber). These 
d efiniti o ns fac ilita te e,·a lu a ti on o f seasona l contributions 

of P a nd S lo tota ls for sta nd a rd calenda r yea rs. Fo r 

a nnu a l to ta ls, P ra nges by 7.8cm from 22 .8cm in 19 78 to 
30. 6cm in 198 1, with a nea rl y equ a ll y hig h value in 1989 
(30. 3 cm ). Th e co rres ponding extremes ofP - E a re 12.5 
( 1978 ) a nd 20 .3cm ( 198 / ) . H ence, inter-a nnu a l , ·a ri a ­

bility in P, while substa nti a l, is no t o utsta ndingly la rge, as 

is e, ·iden t fro m th e fa i rI y small coe fTi cien t of de\' ia ti on (th e 

sta nda rd d ev ia ti on di,·id ed by th e mean ) o f 0 .11 . There is 
some sugges ti on of a multi- year cycle in P , with hi g her 
valu es in th e mid-1 970s a nd th e ea rl y a nd la te 1980s, 
whi ch need s to be tes ted with Cl longer reco rd. 

P fo r winte r, spring a nd summer is more , ·a ri a ble, 

w·ith coeffi cien ts of d eviat ion of 0 .1 4, 0 .1 7 a nd 0.16, 

respec ti ve ly, as com pared to 0 .08 fo r autumn. \lVhil e we 
re itera te th a t o ur reconstruc ted P , ·a lues will conta in 
som e error due to th e use o f clim a tologica l E , ra nking th e 
res ults fo r each season reveals th a t th e fa irl y m od es t 

va ri a bility in a nnu a l P results from a tendency in ma ny 

yea rs fo r a rela ti ve ly la rge P in one season to be o ffse t by 

rela ti, ·ely sm a ll P in a no th er. For example, whil e th e hi g h 
P in spring 19 77 (6 .9 cm , second hi ghes t ) ac ted to o ffse t 
low P in winter (2 .9 cm., lowes t ), th e la rge va lu e in th e 
a utumn of 199 1 (9 .2 cm , second hi ghest) was simila rl y 

offse t by a sma ll P in winte r (3.5 cm , third lowest) . On 

this basis, 1981 a nd 1989 a re un usua l in th a t each yea r 

was represented b y P wh.ich fo r three seasons ra nked 
a m ong th e fiv e hi ghes t. By contras t, 1978 is unusua l in 
showin g sm a ll P fo r three seasons. Tu rn ing to snowfa ll 
w .e., 1986 has th e hi ghes t a nnu a l tota l (2 1.0 cm ) a nd 

1990 the lowest (17.4cm ). The , ·a ria bility in a nnu a l 

snowfa ll is less th a n fo r prec ipita ti on , as is e, ·ident by th e 

sma ll e r coeffi cient of d evia ti on (0.09) , but is aga in large r 
for indi,·idu a l seasons, especia ll y fo r summer (0. 25 ) . 

c. Circulation controls 

T o p lace prec ipita ti o n vari a ti o ns in th e co ntext of 
a tmos pheri c c ircul a ti on , we identifi ed fo r each season 
the three years with th e hig hes t a nd lowes t P . Composite 

80 

means of 500 mba r height were th en construc ted fo r eac h 

three-seaso n sub-se t, using twi ce-d a ily U.S . Na ti ona l 
~re teo ro logi ca l Cen te r (NM C ) data in th e octagona l 
g rid form a t. Fig ure 5 shows fi elds of th e hig h-precipita ­
ti on com posi te a nd th e hig h- min us low-precipi ta ti on 
composite difference fo r winter. Th e m os t no ta ble fea ture 

is th e large nega ti ve composite differences extending from 

south of I celand into th e central Arc ti c O cean (i. e. lower 

heig hts fo r th e high composite), maximized near the 
North P ole a nd I cela nd . R es ults for th e o th e r seasons (no t 
shown ) a rc qua li ta ti ve ly simil a r, but with th e nega ti ve 
differen ces fo r spring no t ex tending to I cela nd. As th e 

high a ncl low compos ite fi e lds for a ll seasons ex hibit 

essenti a ll y o pposing a noma ly pa tte rn s, th e diffe rence 
fi eld s a re no t d omina ted by a nomali es in one composite 
o r th e o th er. R esults using 850 mba r height a nd sea-level 
pressure (SLP) a re simil a r. 

Fig. 5. vVillter mean 500 mbor geoj)olential height field 
( m) JOI the high-precipitation composite (solid contours) 
and the high minus low comjJosite height difJerence 
(dashed-doL and dol/ed contollrs Ja r negative and posiLive 
difJerences, respectively) . Positive differences mean higher 
500 mbar heights /or Ihe high-I)recij)it{l tio ll com/Josile. 

The long-te rm (1974- 91 ) m ea n winter 500 mba r 

pa ttern is d omin a ted b y a pronounced trou gh ex tending 
from south of G ree nl a nd into Ba flin Bay (th e north ern 
extension of th e eas tern Nonh Ameri can tro ugh ), a n 
inte rvenin g weak rid ge over north ern Europe, a stro ng 

trough over Eurasia (th e northern ex tension of th e E as t 

Asia n trou gh ), a nd a strong ridge ove r weste rn C a nad a 

a nd Alas ka (th e northe rn ex tension of th e wes tern North 
Ameri can rid ge ). The summer mean a lso con ta ins th ese 
fea tures, but with a weaker a nd more zona l circula ti on. 
In showing stro nger tro ughs ove r th e Atl a nti c a nd 

Eurasian sec to rs for th e hi g h composites, Fig ure 5 

suggests th a t hi g h winte r P is fa vored by amp li fi ca ti on 
of th e c1ima tologica l circula ti on patte rn a nd , from the 
si m i lari ty of th e com pos i te d i fTe rences, a m ore "win te r-
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type" circul a tion in th e o th er seasons, a nd \'ice ve rsa fo r 

low p, Sn owfa ll ex trem es for winter and autumn occ ur 

fo r th e sam e yea rs as th e prec ipita ti on extrem es, but thi s is 

no t true o f spring a nd summer, refl ec tin g th e tempera ture 
eITec L For exa mple , whi le SLImm er prec ipita tion in 1986 
was th e 10 \l'es t o f th e 18 yea rs (6 ,5 cm ), th e season ac ru a ll y 

had th e fo urth hig hes t snowfa ll tota l (3 , I cm w, e ,) du e to 

low summ er tempera tures , 

In terms of associated sy nopti c acti\'ity, Serreze a nd 
othe rs (1993 ) show th a t winter cyc loni c ac ti\it y exhibits a 
broad frequency m ax imum ex tending from Icela nd into 
th e K a ra Sea , This is a refl ecti on of th e prim a ry N orth 

Atl a nti c cyclone track, which represents th e combined 

popu la ti on of sys tems mig ra ting pole wa rd from lower 

la titud es, as well as those ge nera ted or reju\'Cn a ted within 
th e Arc ti c itself C lim a to logicall y, th e ex istence of th e 
trac k is in acco rd II'ith th e positio n of th e eas tern N o rth 
Ame ri ca n troug h, Cyclones a lso frequ entl y trac k in to 

Ba fTin Bay a nd D a \'is Stra it , res ulting in a nother c),clone­

frequ ency m aximum in thi s region, Fig ure 6 shows th e 

winte r high-prec ipita tion minus low-prec ipita ti on compo­
site d ifTe ren ce fi eld o f counts of sea -l evel cyclone ce nters a t 
::-.Jl\ l C g rid points, obtain ed by a pp lying a n a utom a ted 
c\'clone-de tec ti on a lgo rithm (Serreze a nd o th ers, 1993 ) to 

twi ce-d a il y .\iMC SLP fi elds, The raw g rid counts ha l'e 

bee n weig hted to emphas ize th e cyclo nes with lower 

centra l SLP, whi ch (as a ge nera l rule) a re more in tense , 
Th e we ig htin g fac tor is 1, 50 fa r ce ntra l press ures 
< 980 mba L 1, 25 fa r th ose from 980 to 990 m ba r , 1, 12 
for th ose from 990 to 1000 mba r, and 1,00 fo r th ose 

> 1000 mba L As th e a rca represented by a n Nl\lC g rid 

increases \I'ith la titude, th e counts have bee n norm a li zed 

with resp ec t to th e 38 1 km x 381 km g rid a rea a t 60° N, 
Anom a ly pa tterns ofll'e ig hted cyclone di stributions fo r 
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Fig, 6, f I 'in ter Izigh -/Jlwipitatioll minus low-jJrecijJitatioll 
comjJosite difference Jie/d cif tlte numbers of sea-level 
qc/olle cen ters weighted b)1 centra! jJl'essllre ( dOlled 
contours, positive differences; dashed cOlllours, Ilega tive 
dijJerences; contollr inlerval = 5). Posilive dijJerences 
mean more C)lclones fo r the high-/JrecijJ itation comjJosite, 

th e hig h a nd lOll' seasona l p rec ipita ti on composites with 

res pec t to th e 18 yea r m eans tend to be in opposi ti on, The 

res ults in Fig ure 6 co nsequentl y indicate th a t, fo r II'int er , 

hig h P a nd S a rc assoc ia ted with mo re frequent cyc lo ni c 
ac ti\'ity o \' er th e At la nti c sid e of th e Arc ti c. pa nicula rh ' 
so uth o f' I cela nd. in th e ::-.Jo r\,'Cgia n Sea, no rth o f th e 

L a pte\' Sea a nd Davis Stra it. Arguin g fo r a st ro nge r N o rt h 

Atla nti c cyclone trac k, this aga in represents a mplifi ca ti on 

of th e no rm a l lI'in ter pa t tern (Serreze a nd o th e rs, 1993 ) , 
The spring a nd a utumn composite diffe rence pa ttern s a rc 
qu a lita ti\ 'ely simila r to \I'inter. By contras t, Il'hil e th e 
su m m er h ig h-prec i pi ta ti o n com p os i te shows m od es t 

increases o f cycloni c ac til'ity o\'er th e Arc ti c O cean , it is 

a lso cha rac teri zed by a stro ng d ec rease O\'e r Eurasia a nd 

C a nad a , T ypica llv, la rge increases in summer cyclone 
ac ti,'it y a re fo und O\T r th ese reg ions, 

Th e conclusion th a t increased P (a nd hence P - E ) is 
assoc ia ted with in creased storm ac ti\'ity is no t surpri sing , 

R ecall , hOIl'e \'e r , th a t \ 'a ri a ti ons in P as exa mincd herc 

res ult from \'a riati o ns in th e \'apor-flux cO l1\'erge nce 

(Equa ti on (1)) , Serrcze a nd o th ers (in press ) sho\l' that 
th e mean nu x conl'C rge nce, whi ch is pos iti ve in a ll 
m onth s, is m os t stro ng lv dri\'en by la rge po le \\'a rd 
tra nsient edd y \'apor tra nsports nea r th e prim e m er­

idi a n , co nsistent \ovith cyc loni c a cti\ 'it y a long th e N orth 

A tla nti c trac k, The onl ), region \I'ith m ea n equ ato rwa rd 

tra nsp orts a t 70° N is th e Ca nadi a n Arcti c Archipe lago, 
re la ted lO persislent no rth erl y \\'inds ex tending li'om th e 
surface to a t leas t 500 mba r, as can be inle rred Crom th e 
o ri enta ti on of th e heig ht conto urs shO\\'Il in Fig ure .5 , 

T o pl ace o ur res ul ts in thi s contex t, it is hence useful to 

cxamine cha nges in th e pa tterns o f th e m eridi o na l \ 'apo r 
flu x ac ross 70" ~, Fig ure 7 sho\l's, fo r \I'inter a t e \'e ry 10° 
lo ngi tude, th e hi gh-pree i pi ta ti on minus lo ,\'-preei pi ta ti on 
compos ite diITe rence o f' th e m eridi o na l flu x as well as th e 
h ig h a nd lo ll' compos ite Ou xes, expressed as a nom a li es 

with res pec t lO th e 18 yea r m ea ns, Hig h winte r P is 

associa ted \I'ith positi ve composite diffe rences peaking a t 

a bout 10° a nd 180 0 E , W hil e thi s in pa rt re fl ec ts m ean 
southerl y \I'inds (as infe rred from th e hi gh composite 
geo po tentia l-h e ight contours a t 500 mba r a nd 10 1\'e r 
le\'Cls) , impl ying a po lel,'a rd lime-m ea n flu x, a t leas t 
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Fig, 7, II 'ill ter Il1gh minlls Iou' comjJosite difference of the 
rertica/£), integra ted meridiollal water-l'ajJorjlll\ al 70" , \,. 
wilh Ihe cones/Jonding high and low com/Josiles e\/Jressed 
as anomalifj with res/Hct to Ihe 18)'ear record, Ullils are 
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nea r the prime meridi an, th e results a re a lso consistent 
with strong transient edd y tra nsports associated with 
increased cyclonic activity. Nega tive differences are found 
from about 300 to 1200 \N, over the Canadian Arcti c 
Archipelago and BafTin Bay. For both composites, the 
iluxes over the Canadian Arctic Archipelago a re nega ti\'e, 
indi ca ting th a t the high composites are ac tuall y asso­
cia ted with grea ter outnow from thi s region . Although th e 
composite differences are nega ti\'e in some a reas, these are 
outweighed by the positi ve differences, res ulting in a 
larger nux convergence ror th e high com posi tes. R es ul ts 
for the remaining seasons (not shown ) display different 
pa tterns, but share th e common fea ture of above-ave rage 
pol eward nu xes over th e Atlanti c and Eurasian secto rs of 
th e Arcti c. 

5. CONCLUSIONS 

Under the meridional atmospheric circul a tion patterns 
id entified here, P in creases with respect to the long-term 
(1974-91 ) mean by 20%,26% , 2 1 % and 12% for winter, 

spring, summer a nd a utumn, respectively. These changes 
a lso hold for winter and a utumn snowfa ll. Of cou rse , these 
res ults are on ly \'a lid for the stud y domain north of 700 

1. 

Although our ana lysis prO\'ides on ly basin-wide averages, 
Gorshkov 's ( 1983 ) maps do show a distin ct precipitation 
maximum between Greenland and Sca ndinavia, a long 
th e North Arlanti c cyclone track. I t h ence .. eems 
reasonable to infer that in creases in P and S associated 
wit h th e more meridi onal circu lation wo uld be most 
pronounced in this a rea . Th e g rea ter issue o[ whether 
these " fa\ 'orable" meridional circulation types will be 

more or less rrequent und er altered climatic states such as 

en hanced green house warming remains to be addressed. 
Bromwich a nd others ( 1994) have assessed the ab ili ty of 
th e NCAR CCM 1 to simul ate present-da y aspects of the 
Arcti c circulation and hyd rologic budget, and have found 
some la rge di screpancies from observations. A major 
problem is that the model under-represents storm ac tivity 
a long the North Atlanti c track. Improving the simulation 
of this fea ture would appear to be a prerequisite for 
assessing the possibl e response of Arctic precipitat ion and 
snowfall to climate cha nge. 
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