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ABSTRACT. In this pa per, wc present th e summer-tim e energy bal a nce fo r a sit e 
in th e lower a blation zo ne o r th e \V es t G rcenl a nd ice shee t. Th e summ er clim a te orthi s 
Pa rt or G rec nl a nd is sunn y a nd d r\,. Th e ener!!:\, th a t is C\ \ 'a il a ble fo r meltin g' (o n .) . I • ". • 
a \Trage 1 7 ·~ \\' m - o r 4.5 cm w.e . d ) is ma inl y prm 'id ed by net g loba l radiation (t\l'o-
thirds) a nd sensible-h ea t flu x (onc-thi rd ) . The contribution o f' th e sub-surrace hea t 
flu x, th e la tent-hea t flu x a nd th e ne t lo ng wa\'(' radi a ti on to th e energy ba la nce a re 
sm all. W e tes ted some pa ra meteriza ti ons to ca lculate ene rgy-ba la nce components th a t 
a re currentl y used in ge nera l circul a ti on mod els, ene rgy-ba la nce m od els a nd mesosca le 
mc teo ro log ica l m od els . Fo r th e a rea a nd tim e pcr iod und e r co nsid e ra ti o n , 
pa ra m l'lc ri za ti ons th a t usc screen-k \T I tcmperature fo r th c ca kul a ti o n of in coming 
longwan" ra di a ti o n sys tema ti ca ll y und erestima tc this qu a ntit y by 10 \\' m 2 owing to 
the prox imi ty or th e melting-ice surrace tha t res tri c ts tempcra ture increase o f' th e 
lowcs t a ir laye rs. Th e incoming g loba l radi a ti on was p redi c tcd co rrcc tl y. Simple 
expli c it schemes th a t ca lcul a te th e stabilit y correc ti ons ror turbulent Du xes as a 
fun c ti on o rth c bulk Ri cha rdso n number tend to un c!rres tim a te th e turbul ent f1u xes b y 
15 \\. m 2 . Th e ae rod )'na mi c ro ugh'~ css Icng th Zo ~kri\:cd from wind-speed profil ss 
a ppca rs to bc crroneo usly sma ll , leadll1g to underes li ma li on o f th e flu xes by 30 \\ m - . 
P ro ba bl y, tlw wind profil e is d istort ed by th e ro ug h tcrra in . An es tima te o Czo based o n 
mi cro to pograp hi cal sunTY \'ield ed a morc rea li s ti c res ult. Bcca usc a ll e rro rs \\ o rk in 
th e same direc tion , th e use of some or the pa ra m cteri za ti o ns can ca use se ri ous 
underes tim a ti on of th e melting energy . 

1. INTRODUCTION 101 3 m a.s .I. ) . R cce nt ly, cnergy-ba la nce m easurcment s 

h al 'e been perfo rm ed in Kronprins Christi a n L a nd , 

northeas t Greenl a nd (79 54' l\) a t th e low c1 e\'a ti on or 
380 m a.s .1. K o nze lma nn a nd Bra ithwa it e, 1995 ). Due to 
th e difli cult ter ra in (crevasses, hi gh scasona lm elt ), o nl y a 
few ex periments havc bee n ca rri ed o ut in th e lower 
a bl a ti o n zo ne in W est Greenl a nd . Bra ithwaite a nd Olcscn 

( 1990 ) es tima ted th e energy ba la nce a t t\I'O outlet g lac ie rs 

in south (:\o rdboglac ie r , 880 m a.s. l. ) a nd W e t G reen
la nd (Qa ma na rss u p sermi a, 790 m a .s.I. ) . This pa per 
prese n ts lit e distributi on of th e cnergy-bala ncc co mpo
ncn ts in th c lower m clting zo ne or th e G ree nland ice shcet 
(3+0 m a .s.l. ) close to Sondre S tromfjord , 67° )1 , 50 \\' , 

a nd ca n be rega rd ed as a n ex tension to ea rli er work \I'ith 

d a ta co ll ec ted a t thi s loca ti on (Du ynk erke a nd Broeke, 
1994; \\'a l a nd Russc ll , 1994 ). Th c measurelll ents \lT re 
m a de dur ing tw o ex pediti o ns. G l '\fEX-90 a nd 9 1 
(Grccnl a nd I ce .\I a rg in Experim cnt ) . Besid cs prese n ting 
th e ac tu a l energy ba la nce, a n im porta nt pa rt oflhi s pape r 

is d e\'o ted to th e cOlllpa rison or meas urements \I'ith 

pa ra m cteriza ti o ns. 

Abo ut ha ll' o r th e \'ea rk mass loss or th e G ree nl a nd ice 
shee t , a pp rox ima t: ly 500 km:l, is clu e to melting a t th c 
surface a nd run-ofr (O eri em a ns. 1993 ) . A \\'id c ra nge of 
mod els a nd assoc ia ted pa ra mctcri za ti ons is currentl y used 
to simul a te th r mass a nd energy ba lance of'th c Gree n la nd 

ice shee t , ra nging rro m g loba l-sca le ge neral c ircul a ti on 

mod els (Ohmura a nd \\' ild , 1995 ), ene rgy-ba la nce 

models (\\'a l a nd O erlem ans , 1994 ) to dc ta iledmcsosca lc 
meteorologica l mod els (l\l ecs te rs a nd o th e rs. 1994; Ga ll cc 
a nd o thers, 1995 ). If' we \I'a nt to modcl th e in'-shcet 
rcs ponse to c lim a te cha nge acc ura tely, it is necessa ry to 

measure th e distribution or th e ene rgy-ba la nce com po

nents thro ug ho ut th e melting a reas. In \\'es t G reenl a nd , 
SC\'era l g roups measured th e ene rgy-ba la nce componcnts 
c lose to th e cquilibrium lin e: th e ETH rro m ZLiri ch a t 
69 -34' ~ ( 11 55 m a.s .l. ; G reuell a nd K onze lm a nn , 199+) 

a nd the Frcc U ni\Trs it y of .\mste rd a m a t 67 02' N 

( 1520 m a.s. l. ; H enneken a nd o thers. 199+). ,\m bac h 

( 1977 ) perrormed det a il ed mi cromcteoro logica l meas ure
mcnts in th e hi ghcr a bl a ti on zo ne a t 69 40' i\ (Camp 1\ ' , 

Present address : Norsk Pola rinstilUlt , Pos tboks 5072 

l\fajo rstu a, N-0301 O slo, No rway. 
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2. DATA COLLECTION 

During G II\IEX, d a la ha \'e been co ll ec ted during 86 d in 

lwo summers, 18 Jul y- I 7 Aug ust 1990 a nd 10 June 3 1 
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o 2.5 km 

FI~!t, I, I,oralioll 1.11 si/es 1 and .J durillg (;f,11 EX, Dark-,Ihaded area:, rej}/nl'lll lake.I, lighl-:'!/(/ded alNO rejlre,ll'I/l Ihe ire 
Sill/ace , The inset show.! .1'01111' (if the loea/iolls /hal are lIlen/iol/ed ill Ihe 1nl: ETH, ETH camjJ : 1I'(;L. il'roll/HiIlS 
Chri:,lialls Lalld: . \ ', . \ ordboglarier: Q, QplllanarSSli/J sermia, . \ ot included ill the jiglllf are Call7jJ J f ', ll'hirh l( 'as lowter! 

close to the ETH camjJ alld the Free Cllil'ersi{)' of Amsterdall7, located at 88 klllji'OIl7 Ihe ice edge ill Ihe (;1" I EX /JI'Oji/e, 

.J ul), 199 I , a t se l 'C n si tes along a I i ne c rossi ng tund ra and 

g lac ier . In thi s stud y, we wi ll use mainly data coll ected at 

"site 4" o n Russe ll Glacier. 2,5 km from the boundary 

betwee n g lac ier and tundra at an e leya tion of340ma.s. 1. 

in th e area of' Sondre StromfJord (K angerlussuaq ) (Fig , 

I ) , The g lacier surfilce a t thi s spo t is \ 'C ry rough: the 

reg ula 1'1 y spaced ice hills ha I'C t >'pica l dim e nsions oL 

se\ 'era l met res \ 'e rti call y a nl! horizo n ta ll y , This a nd the 

hi g h seasonal melt rate (3 , lm w, e.; \\'a l a nd others, in 

press ) prohibits the operation of tall masts and se nsiti\'e 

equipme nt. Ins tead . we uscd a 6m mast with three 

measurcment le\'e ls Lor \\"incl specd , te mperature and 

rei a ti\ 'c humidity (0.5 , 2 and 6 m ) . The Illas t res ts freely 

on thc ice with its Lour legs and mclt s down with the 

surface in th e course of the a blatio n seaso n, T empera ture 

a nd humidity se nsors ,,'e re \'Cntilated. Wind direc tion ,,'as 

m eas ured at 6m, \, 'hile incoming - and o utgoin g-radiation 

compo ncnts liT re m easured at 1,5m. Global a nd total 

incomin g a nd re fl ec ted ra cliatio n II 'C re m casurcd at 1,5 m, 

Aft e r th e ex perim elll, th e r a diati o n sc nso rs werc rcca li

brated a nd co rrectio ns ofsensiti\' it), as we ll as olTset had to 

be applied be fore they cou ld bc ana lysed. 

Ablation l11easure l11 c nt s wcre undert a ke n at three 

places in the c lose \'icinity of site c~, and inter-stake 

\ 'ariations fo r the period under consideration \\"(' re 

typi ca ll y less than 10 cm o r 5% (\\' al and o thers, in 

press ) . On a hill top just in front or th e ice marg in , a 

si mil a r mast \\'as e rect ed sitc I . 300 m a.s.l.; Fig . I , 
\\ 'hich sh o uld be m o re or less rep rese ntati\,(, for free

atmosphere conditions at the sa m e e\e\'ation as site -J.. 
Data fro m thi s maSI will be used to C!oLill1all' the inl't'l'sion 

st reng th at site + in the sec tion dealing with longwa\T 

ra diati o n. Cloudiness (t yp e and cO\'Cr ) \\'as o bse J'\ 'Cd 

('\ 'er\' 3 h, 
Table I g i\ 'es somc a\Trage \ ',du es at SilC + during 

GI.\IE:\:-9I, The tem pera turc al 2 m . T2111 , II'as co n

tinu o usly abm'e th c mclting point. Th e \\ ' ind is ciead)' of 

katabatic nature. blo\\'ing (i'o m the ice shee t \\ 'ith \'IT\ ' 

high directional cons ta n cy de and Lt typical spced V6111 or 

5 m s I. Summer condit ions in thi s part of Grecnland are 

ge ne rally sunny a nd ,,'arm, wit h a mean cloud cm'er 

11 = a,s, resulting in hi g h m ca n \ 'a lu es of incoming 

shOrl\\'iI\T (5 hu'ill ) and 10ngw,1\'c radiati on (LWin . Thc 
s urf~l('{' a lbedo Q is relali\"('l y high for ice II'ith 55%, :\ 
ge nera l d escription oL the experiment has becn gi\'C n by 

Oerlcmans and \ ' ugts ( 1993 ) . i\ more d e tailed descri p 

tion o f' the c lim ate of the ab la ti on zo ne can be found in 

Broeke and ot her s, ( 1994a) , Se \"(' ra l pa pers on G 1,\ I E:\: 
ha \T b ec n publi shcd in a spec ia l iss ue of (,'Iobri/ alld 
Plalle/al)' Challge (No. 9, 1994) , 

3. GLOBAL RADIATION 

A cc uracy 0 ]' lhe daily mcan g lobal-radiatio n mcasurc-

Table I. , 11'Nage rhararteristir:, at .Iite ';'.for the /Jerior! 10 
]111/1' 31 ]uL)' 199f, based ou dai{J' /11 ea 11 I'a/ues : .~)'Illbo/:, 

are n/)Iail/('(I il/ the Int 

Parallleter 

T2111 

,\f ill 
,I/rll 
V(;1II 
r/r 
11 

5hll'ill 
(\ 

LII'ill 

, 11'l'rag!' c/wrarteri.!tir 

4-.7 C 
2.2 c: 
7,0 c: 
.1). I m s 

0,9+ 

O.S 
273 \\'111 

0.55 
287 \" 111 ~ 
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Fig. 2. Da il)! mean observed vs calculated global radiation. 
ShWill at site 4 Jor GIME)('-90 (o/Jel/ dais) al/d 
GIM EX-9J (solid dots) . The ShWill ({IlCIIlation is 
according to the parameterization oJ f:ol/zelmal/I/ and 
others ( 1994). 

ments a ller recali bration is es timated to be typi call y 
be tte r th a n 10 \V m 2. K onzelma nn a nd o thers ( 1994) 
presented a parameteriza ti o n of th e g loba l radia tion for 
the Greenland ice shee t as a ['unction of seve ral variab les, 

of which th e most important a re d a te, eleva tion , cloud 

cover and surface a lbedo. In this method , no distin c ti on is 
made between different c lo ud types but c loud tra nsmis
sion is mad e a [unc ti on of eleva ti on to acco unt for th e 
thinner clo uds that a re more frequ entl y obsen'ed high 

above th e ice sheet. D a il y mean va lues of measured and 

parameterized g lobal radiation during GIMEX-90 a nd 

9 1 are g iven in Figure 2. Note that GIMEX-91 data a re 
not independent , beca use th ey have been used to m a ke 
the parame terization. H owe\'e r, the (independent ) data 
co llected during GIlVIEX-90 show a simila rl y sa tisfac tory 
fit. The sca tter increases for low values, which is caused 

by the strong ly "arying optica l thickness o[ overcast ski es, 

a factor th a t is not acco unted for in the parameteriza ti on. 
Althoug h the di stance of th e individua l points to the 1 : I 
line can be quite large (standard deviation of the 

• GIMEX-91 
000 ~ o 0 

0 GIMEX-90 • 
0 .8 ~ 0 
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o • • "0 
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0 0 :l • • ~ 0.4 • • 

ro 0. • • • u • 
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Fig. 3. Dai(y mean observed lIS calculated cloud rover n at 
sile -I- G/AIEX-90 (a/Jell dots) al/d GIAfEX-9J (solid 
dots). The calwlaliol1 is according to Ihe inverse 
jJarameterizali011 of Kon ;:;elmanll and others (1994) . 
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GI:-'1EX-90 dail y means: 40 \\' m 2), th e difference 
between the peri od means is acce pta ble, 8 \V m ~ or 

4%. If globa l radiation is measured , th e il1\'e rse form of 

the parameterization can be used to calcula te cloud 
amount n(O < n < 1; Fig. 3) . Difference between mea
sured a nd calcu la ted cloud a m o un t for the G HvI EX-gO 
data is onl y 2%, wit h a sta ndard deviation of 14%, which 
is acc ura te enoug h for the ca lcula tion o f th e incoming 

long \\'ave radiation (sce next sec ti on ). The resu lts show 

tha t this kind o[ pa ra mete ri za tion ca n also be used fo r the 

distin c ti on between cloud cove r a nd a snow surface for 
sa tellite pictures, i. e. to judge from automat ic weather
sta tion d a ta whether there is a clo ud cove r present o r not 
in a ce rtain area. 

4. LONGWA VE RADIATION 

Longwa \'C radiation was not measured directl y but 
es tim a ted b y subtrac tin g the g loba l (shonwm'e) from 

th e tota l radiation. This procedure, toge th er with th e 

typica l measuring acc uracy of th e senso rs, yields a n 
estimated acc urac y of th e meas ured da il y mean incoming 
longwa\'(' radiation LWill of 15 \\' m 2. \ Ve compared the 
measurements with th e results o r two parameterizations 
for in coming longwave ra diation: Konzelm ann a nd 

othe rs (1994) proposed a parameteriza tion o[ LWin [or 

th e Green la nd ice shee t as a fun c tion of T2m , water
\'apour press ure e2m a nd cloud amount n (Equation ( I)) , 
based on measuremCI1lS undert a ken a t the ETH camp 
(69°34' N , 1155m a .s. I. ) . Koni g-Lang lo and Augstein 

(1994) proposed a similar express ion based on meas ure

m ents undertaken at the polar stations Koldewey on 

Svalba rd and G eorg von eumayer in Antarct ica 
(Equa tion (2)) , without inclusion of e211l : 

··1 3 J rn.l 
L W;II = ccffO'T2rn = [ccs( e2111 ' T211l ) (1 - n ) + Coen J0'1 2111 (1) 

(2) 

where cdr, Ccs and Coe arc th e effec ti" e, clear-sky a nd 
overcast em issivity of th e atmosp here, respect ive ly, a nd 0' 

340 
0 • Konzelmann and others (1994) • 

0 KL&Augstein (1 994) • • o 9 

320 0 o · • 0 
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Fig. 4. Dai!)' meall observed vs ca/clllated IlIcomlllg 
lOllgwalle radiation L Wi n at site 4 during CD\! EX-9 /. 
The L Win calclllation is accordillg to the /Jarameterizatioll 
0./ lloll;:;elmamz al1d others (1994) (so lid dots ) alld 
KO'lIig-Lallglo and Augsleill ( 1994 ) (ojJen dais). 
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Fig, 5. Observed and calculaled dIerllvc clIlissivif)1 C"ff 1'5 

cloud amounl inlervals n al sill' 4 during G'[j\IEX-91. 

The mleulatiolls are according la Ihe jJaramelerizalioll oJ 
1\-oll::.elmallll al/d olhers ( 1994) (dashed lille) and h -Oillg
Lallglo alld . l llgsleill ( 1994) (solid lille) . Error bars ill 
Ihe CUrl'e oJ /\ ·oll;;.clmanll and olhers ( 1994) rejJresenl Ihe 
standard daiatioll due Lo iI'ala-NljJour jJressure , 

the S tefa n- Boltzma nn consta nt. Fig ure 4 compa res th e 
m easured a nd ca lcul a ted L w;" fo r G I~IEX-9 1 , Between 
260 a nd 300 \\' m 2, th e ca lculated L W;n sys tema ti ca ll y 
underes tima tes th e meas urecl L Win by 20-30 \ \ ' m ~ . T his 

ca n be asc ribcd to th e lI SC ofT21l1 in Equ a ti ons ( I) a nd (2) , 

whi ch is n o t a reli able measure fo r th e tem pera ture of th e 
lower a tm os ph ere a bO\'e a melting ice o r sno\\- surface . 
Du e to th e strong surface- inversion , es pec ia ll y in th e 100\'e r 
pa rts of th e ice shee t , it will sys tematica ll y yield LOO loll' 

"alues. The d am ping effec t of th e melting ice on th e 

tempera ture near th e surface is illustra ted b y th e sma ll 

ra nge of d a il y mea n T2m during G Jl\TEX-9 1 (5.5 K ), 
whil e th e m eas ured va lues of L Wiu during clear-sky 
conditio ns represe nt a ra nge of clear-sk y r adi a ti o n 
tempera ture of 9 ,3 K , Th e sys tem a ti c und eres tim a tion of 
L Win fo r temperatures a bO\'C freezing ca n a lso be traced 

bac k in th e g ra phs on whi ch th e pa ra mete ri za ti ons o n 

which Equ a ti ons ( I) a nd (2) a re based , i. e , Fig ure 13 in 
K onzcl ma nn a nd oth ers (1994) a nd Fig ure I in K onig
L a ng lo a nd Augs tein (1994) , For hig her \',dues or L Wiu 

( > 300 \V m 2), strong la rge-scale winds effec ti\eiy mi x 
d own th e wa rm a ir, thcreb y d ecreasing lh e il1l'e rsion 

streng th, U nder these condi ti ons bo th pa ra meteri za ti o ns 

yie ld be t lCl- res ults, 

F ig ure 5 sho\l's th e effecti\'e emlssl\ 'll y Ceff a \'c raged 
O\'er inten 'a ls o f' clo ud a mount n . Th e d ilIcr ences be twee n 
th e two pa ra m e teri za ti o ns a re sm a ll , a lth o ug h th e 
ex pressio n o f K o nzelm a nn a nd o th e rs ( 1994) yields 
sli g htl y be tter res ults [o r hi gh cloud a mounts o\l'ing to 

th e in clusion of Coc in their expression , Th e er ro r ba rs ro r 

th e K onze lma nn da ta a ri se fro m th e incl usion 0 (' th e 
wa ter-\-a po ur press u re in th eir par a meteri za ti on , For 
strong ill\'ers ion cases, Ccff is sig nifi ca ntl y too low in bo th 
exprcss ions, Fig ure 6 shows th e difference of L Wiu bc t wee n 

pa ra me teri za ti on a nd measurement s as a fun c ti on of 

tempera ture diflc rence be t\l'een sites I a nd +, \I'hi ch ca ll 
be regarded as a meas ure of th e tempera ture illl 'C rsio n 
a bo\'C th e melting ice , It a ppea rs th a t a n increas ing 
in \'C rsio n streng th ca uses a n Increasing e rro r in th e 
ca lcula ted \'a lu e of L Wiu a t a n a pprox im a te ra te or 

10'" m 2 K I [or bo th pa ra meteri zatio ns, Espec ia ll y, fo r 
ice bodi es in wa rm e ll\-ironm ents, this co uld lcad to 
se ri o us e r rors in es tima tes of L Wiu . I n th e case ofCI\IEX-
9 1, th e m ax imum erro r is 20- 30 \\ ' m 2 , 

5. TURBULENT FLUXES 

The tu r b ulent flu Aes o f sensibl e a nd la tent hea t (H , L E ) 
\"ere ca lcul ated 1'1'0 111 mean \'a ri a bles measured a t one 

le\'e l (6 m ) a nd by ass uming th a t th e surface \\'as m elting, 

as d esc ribed b ~' :\fun ro ( 1989), This meth od h as th e 
adva ntage th at th e surface \'a lu es fo r tempera ture a nd 
moisture a re well known a nd the difTerences be tween th e 
lc\'eb a re la rger th a n be tween two levels in th e a tmo

sphere. Th e s urf~lce laye r a bo\ 'C a melting glacier is 

co ntinuously sta bly stra tifi ed. so turbu lence is supprcssed 
by th e stra tifi ca ti on, T o ca lcul a te th e sta bility co rrection 
o f th e turbulent lluxes, liT compared two diffcre nt 
meth ods, Th e first me th od uses th e well-kno \l'1l expres
sions acco rdin g LO M o nin Obukh O\' (.\1.0 ,) simila rit y 

th eo ry (sce, e.g ., Duynkerke a nd Broe ke, 1994): 

H = pcp(w'el = - pcpu. GJe. GJ (3) 

LE = pL,,(w'q'), = - pLvu• (1Jq* (f) (.J ) 
') 

L = ~~~~_u~,;~~~~ 
~(g/er)( e. + 0.62erq.) 

(5) 

\I-here p is th e a ir d ensit y, cl' is th e spec ifi c hea t of a ir a t 
consta nt press ure, L ,. is th e la tent hea t o f\ 'a po ri sa tion , z is 
th e meas urement h cig ht , L is th e ~ [ o nin-Obukh O\' 

leng th , w', e' a nd q' a re the turbul cnt flu c tu a tions of 

wind , tempera ture a nd humidity, a nd u., e. a nd q* a re 

th e assoc ia ted turbulent scales, which a re fun c tio ns of th e 
dim ensionless sta bility pa ram eter zL -1 , f1. is th e \'on 
K~l rmill1 consta nt , 9 is th e acce lera tio n of g ra \'it y a nd er is 
a rcii: rcn ce tempera ture. The sla bi li ty fun ctions a re ta ken 
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Fig , 6, Difference belween measured alld calculaled /11 ea 11 

L Win al s/Ie -I- n pOlflll/al lemjJeralure dij/erCII(c behceen 
:,iles I alld 4 dlll/llg G/.IIE .\'-9J, a{'('ordillg la Ihe 
j)arameleri.:alioll oI1\-oll.:elll/(/llI/ alld olhers ( 199-1- ) (solid 
dOl:') alld k iilllj;-Lallg/o alld .,l llgsleill ( 199-1) (ojJm 
dais) , T he Il'IIlj)fralure dlUermCf is a,\,I/lIllf(/ 10 bl' a 
measure ~/ Ihe slIIjace /1Il'ers/oll al ,.,111' ./ , 
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r'all den Broeke: C/wracteristirs of lower ablation ::,olle cif IJ 'est Greenlalld ice Jlteet 

Table 2. ill lerage seJ/sible-!teat flu \ H ( r 1'11/ :!) for the 

period 15 JlIll e- 31 JuLy 1991. SlabililJI corrections (Ire 
disCll.l.\ed ill tlte tnt. Percelltage belLC'een brackets is tlte 
redurtion q/ H lL'!tell rOIl//)ared to the neutral (I IIlcOITfrted) 
m!lIe 

Stab/I/O' correctioll Zo = 0.08 cm Zo = 12 cm 

None (neutral ) 56 (0 % ) 67 (0% ) 
\£.0. 28 (50% ) 58 (13% ) 
Rib 36 (36% ) 43 (36% ) 

from Du ynkerke (199 1) a nd lI·ill not be gi\"(~ n here. 
Because zL - 1 in its turn depends on the surfacC' f1u xes. this 
calculati o n m ethod req uires an itcra tin' proced ure 
(implici t method ). 

Secondly, wc will try a simpler, expli cit stability 

co rrec ti o n o rig ina lly proposed by Lo ui s ( 1979 ). This 

express ion is often used in meteorological models for its 
computa ti o nal eITi c ien cy (Grcucll and Kon zcl mann , 
1994; \leesters and others, 1994). The fI ux es for thc 
neutral case (zL - 1 = 0 ) a rc multiplied by a factor j , that 

acco unt s fo r sta bilit y effects (0 < j, < 1 for s tab le 

conditi ons ): 

H = - pepf,v . (i = 0) e. Ci = 0) (6) 

LE = - pL\. j~v * CL = 0 )q. Ci = 0) (7) 

j~ = (1 + 15Rih /1 + Rihr 1 (8) 

w here Rib is the bulk Ri chardson number, that can be 
calc ul a ted exp li citl y from th e measu rements: 

(9) 

in which V is the lI'ind speed a nd th e subscript s refers to 

the surface \·,liues. This method lI·ill be referred to as the 
" Rib correct io n" . 

For both methods , 11'(' still must spec if)' at which 

heig ht the profiles of wind, temperature and moisture 
a ttai n th ei r s urf~lce \·a lues. At z = Zo, the su rf~lce - rough

ness leng th fl)r mo mentum , the \\'ind speed extrapolatcs to 
zero. The roughness length for hea t and moisture Z \i is a 
fun c ti on of th e !l01V a nd ca n be calc ulated using the 

express ion deyeloped by Andreas (1987 ) th at exp resses ZiJ 

as a function of th e roughness R ey no lds number , 
Rc = ll*ZOI/- i, \I·here v is th e kinematic \'iscos it y of a ir 
and u' is th e frict ion \'Clocity. \\'e tri ed [\1'0 diffe rent 
\'a lues o r Zo: a \'a lu c o bt a in ed frOI11 wind pro files 
(zo =0.08cm; Du ynkerke a nd Brocke, 1994) a nd o ne 
obta ined from micro topograp hica l SUl'\'ey (zo = 12 cm ) 

accord ing to th e method desc ribed by Let tau (1969 ). The 
res ults for th e sensible-heat flu x H during GJ\ fEX-91 a re 
summarized in Table 2; th e C1\'C rage la tent-h ea t flu x LE 
\I as negli g ib ly small (o r a ll ex perim ent s « I \\' m 2) a nd 
is not shown here . 

The Rib stability correct ion ass umes a typica l \'a luc of 

th e surface roughness (10\\'(' 1' th a n is enco unte red at site 4·) 
and redu ces the " neutra l" flux by 36%. T h is appears to 
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be a n unjustified simp lifi ca tion, g iven the very difkrent 

res ults obtain ed with the ph ysica ll y more rea listi c ~ r. O. 

theory. This ca n be understood as fo ll oll's: in th e sta ble 
su rf~lce layer, turbul ence is ge nera ted ma inl y by wind 
shea r \\'hi ch , of co urse, strong ly d epend s on th e s urf~lce 

ro ug hness. Consequently. the exp lic it method O\'(' tTsti 
m a tes the flux reduction abo\'C a ro ug h surface in stable 

conditi ons, leading to und erestim a tion of the turbulent 

!lu xes. 

6. EFFECTS OF THE USE OF DIFFERENT P ARA
METERIZATIONS ON THE CALCULATED 
AMOUNT OF MELT 

Th e energy balance a bo\'e a melting ice surface ca n be 
\lTi tten as: 

J\I =Shwill( 1 - a) + LWill -LwolIl + H + LE+C (10) 

where AI is th e melting energy . In a ll subsequent 

ca lcul a ti ons we ha \'e neg lec ted th e contribution or the 
s ub-su rf~lce heat !lu x, C, i.e . th e sub-surface layers are 
assumed to be iso thermal a t 0 C. This assumption is 
justified fo r the lower ab lation zo ne in th e hi g h summer 

(Ambach, 1977 ). Using some of th e parametcrizations 

and assump tions discussed in th e pre\ 'io lls sec tions, \\'e 

calcul a ted the melt 1'1 and compared it to th e measured 
ablatio n. Figure 7 shows the calc ul ated and observed 
amou nt or melt for the period 15 Jun e 3 1 .Jul y 199 1, 
based on the use of th e different paramC'terizatiollS. The 
error bars for the ab la tion measu remenlS represen t the 

typ ica l 5 cm sta ndard de\ 'ia ti on of th e ablation measure

ments between th e three sta kes . Figure 7 shows th at th e 
measured ab lat ion or 2070 I11m w. e. is predicted accu
rately within 2% (upper line) if \IT use the l11easured 
\'a lues or ShWin and LWiu , the \'a lu e or Zo obtained by 

microtopographical sUr\'ey ( 12 cm ) and th e stability 

correction acco rding to ~r.O . simil arity theory. using 

th e parameterizatiotl ( I ) to caleu late LWill and ass uming 
a melting surface to ca lculate LWOII! yields a shortage of 
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Fig. 7. C:a!rulattd ( lilies) and ob,len'ed (jo lid dols) 
rl/llllllatll't melt ( 111111 1(' .1'. ) at site 4 dllrillg GLIJI';.Y-D/, 
ba,I N! 011 hOllr[J' lII eall 1'(lllI eJ . Error bars re/Jresfllt O'/Iical 
slandard del'/atioll (1 the ablatioll lIIea.lllretlll'lltJ. ,\ ote the 
dear daiL)' (J'cLe ill the (([Imlaled lIIelt ClllTes . lcitirh is due 
10 Ihe /JrOIlOllllced dai(J' ()'c/e ill Ihe meltillg ellell!')'. 
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" all den B rode,' C:haraclerislin q/ lower ablalioll ,:Ollf 0/ I I 'ps I Green/alld ire slu'fl 

200 ,-----------------------------, 

150 

fi' 100 
E 
S 50 

.c 
'Vi 0 
c 
Q) 

'0 -50 
X 
::l u: -1 00 

-150 

S h W net L W net H LE M 1MB 

-200 ~-----------------------------L 

h jI' 8, 1,,'lIergv balance al sile 4 during (;1 ,11 EX-91, based 
011 Ih e II/J/Jer [I /lN ill Figure 7, I /I/B re/Jrese ll ls Ihe 
imbalallce between measured and calCIIlated melting en erg)' 
(3 I J' 1I1 2 or 2%). 

m elting energy o r 16% , U se o r th e ex pli c it sta bility 
co rrl"Cl ion to ca lcula te th e turbulent nu xes res ults in a 9% 
energy shortage, Using Zo as d e termined from profil es 
(zo = 0,08 cm ) unde res tima tes th e m elting enc rgy b y 

18%, All th ese d evia ti ons a re we ll outsid e th e un ce rtainty 

of th e a bl a ti on m easurem ents a nd work in th e sam e 

direc ti o n , whi ch excludes the poss ibility o f erro r cancell a 
ti on, As was sta ted in sec tion 3, th e use o f a pa rame te r
iza ti on [o r g lo ba l in coming radi a ti on yie lds good res ults 
[o r thi s d a ta SC l. 

Fig ure 8 shows th e distributi on or th e diffe rent terms 

in th e energy ba la nce , based o n ca lcula ti ons represented 

by th e upper CUlye in Fig ure 7, l\lelting is m a inl y ca used 
by ne t shortwave radiation (2/3 ) a nd th e se nsibl e-h ea t 
nux ( 1/3 ) , Th ese res ults ag ree qua lita ti\'e ly \\'ith th e 
ene rgy-ba la nce di stribution a t Q , m a na rss up se rmia, n ear 

N uuk (Godth i b ) , a t 790 m a,s ,l. (Bra ithwa it e a nd Olese n , 

1990) , Th e quite la rge contributi on 0 [' H to th e ene rgy 
2 b a la n ce (58 \V m ) ca n b e asc rib ed to th e la rge 

ae rod yna mi c ro ug hness o f' the surface a nd th e persistent 
ka ta ba ti c winds, This shows th a t surface m elting in th e 
lowcr pa rts o f' th e Greenl a nd ice shee t is pro babl y 
se nsiti \ 'e to \ 'a ri a ti o ns in a mbi ent tempera ture a nd 

ka ta ba ti c wind speed, In this contex t, it is interes ting to 

no te th a t und ercs tim a tion o f' H in m e teo ro logica l m od els 
ca uses a n unde res tim a ti on o f' th c ka ta ba ti c wind speed, 
since thi s wind is primarily fo rced by th e surface coo ling 
due to th e se nsibl e-h ca t nux (Broe ke a nd o th ers, 1 99'~b ) , 

I n thi s stud y, th e contribution 0 (' th e la tent-hcat flux LE 
is \ 'c ry sm a ll, I t is interes tin g to no te (ha t eva pora ti on 

(nega ti vc la tcnt-h ca t flux ) is ge nera ll y a n important tefm 
in th c hi g hc r a bl a ti on zo ne (Ambac h , 1977; GrcueIJ a nd 
K onze lm a nn , 1994; H enneken a nd o th e rs, 1994) , Nu
me ri ca l m od elling of th e ene rgy ba la nce sho \\'s th a t 
do\I'I1slope ach Tc ti o n of m oisture b y th e ka ta ba ti c \\'ind 

fo rccs thi s te rm to bccom e sm a ll , o r C\T n re\T rsed in th e 

lo \\'cr a bla ti on zo ne (Broeke, in press ) , 

7. CONCLUSIONS 

In thi s pape r \re presented th e enc rgy-ba la nce di stribu

ti on a t a site in th c lo \\'er m elting zo ne (3+0 m a ,s, !. ) o f th e 
\\'es t G ree nl a nd icc shee t in summ cr, based on 86 d a il y 

m ea n o bse rn lli ons during G HIEX-90 a nd 9 1. The 

summcr clim a te a t this sitc is \I 'a rm , d ry a nd sunn y, \I'ith 

a seasona l ab la ti on ra te o f 3, 1 111 \I ',C, ~l e lting is prim a ril y 

ea uscd b y ne t radi a ti on (2 /3 ) a nd th e turbul ent (lu x of 
se nsible heat (1/3 ) , Th e rcia ti \T ly la rge contri b uti o n of 
th e sc nsibl e-h ea t nu x (e,g, when co mpa rcd to mid

la titud e n tll ey glaciers) ca n be asc ribcd to the hi gh 

a lbed o, th e la rge ae rod yn a mi c ro ug hn ess a nd th e 

pe rsis tent ka ta ba ti c w inds, 
\\'c com pa red th e o bsel'\'a ti o ns \I'ith va ri o us pa ra 

me te ri za ti o ns th a t a re currentl y used in m e tco ro logica l 
a nd g; lac io logica l mod e ls, PrO\'id cd tha t onc kn ows th e 

surface a lbed o, th e ne t sho rt\l'a\T ra di a ti on ca n be 

es tim a ted from clo ud cO\'er a nd surface e leva ti on \\'ith 

sufTi c icn t acc uracy, using th c pa ra m e teri zati on presented 
by K Ol1 ze lm a nn a nd o th e rs ( 1994) , On the o th e r ha nd , if 
th e g lobal radi a ti on is m eas ured , a good es tim a te o f 

clo udiness ca n be m ad e using th c ilwcrsc pa ra m e te riz a 

tio n, These \'a lues a re acc ura te enough to use in long-wa ve 

radi a ti on ca lcul a ti ons o r to d e tf' rminc clo ud a m ount as 
gro un d truth fo r sate llites , Th e tcmpera ture a t 2 m is no 
longer an acc urare es ti ma te of th e tempera ture o f th e 
10\lT r a tm os phere ",hen a stro ng tcmpera ture inyersion is 

prescnt a bOlT th e m elting ice, Ir hi ch is th e ease fo r th e 

lo\\'er a bl a ti on zo ne , As a res ult , th c t\\'o pa rameteri za

ti ons th a t \\'erc tes ted in this stud\' unde res tima ted LH!in 

by as mu ch as 28 \\' m ~ , Th ; pa ra mc te ri za lio n by 
K onze lm<lnn a nd o th ers ( 1994) yields sli ghtl y bCller 
rcs ults in th e lilTlit o r cio ud-co\T red skics through th e 

inclusion of a n effec ti\'e emi ssivi t y fo r o\'crcas ( condi ti ons, 

Th c pa ra m c teri za ti ons \\'o rk we ll hi ghe r up on th e ice 

shee t, whcrc th e surface in\'ersio n is wcaker (K onze lm a nn 
a nd o th e rs, 1994) , 

T wo sta bility correct ions, as \\T II as t\l 'O different 

n tiu es o f zo, ha\'e bee n tes tcd to ca lcul a te th e turbul ent 

flu xcs o f' sc nsiblc a nd la tent hea t. The obse n 'ecl m elt was 

ca lcul a tcd \\'c ll if we used th e \'a lue o f Zo o bta ined by 

mi c ro topogra phi cal sun'ey of th c te rra in (zo = 12 cm ), 

Th e n tlu c o bt a in e d b y pr o ril c m eas ur e m e nt s 
(zo = 0,08 cm ) a ppea rs to be er ronco usly sm a ll. Th e 
ex pli cit stabilit y co rrectio n p roposed b y Lo uis ( 1979 ) 
unde res tim a tcs th e sensible-h ea t flu x on a\'C rage by 26 % , 

Th e turbulcnt flu xes of la tent hea t LE were \'e l'\' sm a ll in 

a ll ex pc rim ents « 1 \\' m \ N o tc th a t lInd cr~s tim a ti o n 
of' H in m e tco ro logical modci s ca uscs a n uncl eres tima ti on 
of th e ka ta ba ti e \\'ind speed , sin cc this wind is prim a ril y 
fo rced by th c surrace coo ling due to th e se nsibl e-h eat nu x , 
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