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Surface energy exchange at the equilibriultl line on the 
Greenland ice sheet during onset of melt 
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ABSTRACT, The energy balance \I 'as m easured a l the ETH /CL resea rc h ca mp, 
loca ted at th e eq uilibrium-lin e a l titude 0 [' th e Green land ice , hee l 169 34' N. 
-1-9 17 ' \\ ' ), in sp rin g 1993, P rior 10 th e o nset o f me l,t the la te nt l' nerg\' flux is th e 
o nl y en e rgy sink, \I 'ith an a\'e rage \ 'a lu e 0(' I , IS .\IJ m 2 d I, This turbulent tran, fe r o r 
m oisture is responsib le [o r an a\'Crage daih- sno\l' sublimati o n of' ,,) x 10 I m , Th e 
se nsible h ea t flux (0,9 I .\IJ m ~ d I is' th e m,;j o r e n e rg~ ' so urce, ',lnd th e net radiat io n 
unlya minor contributor \\'ith a positi\T balance of 0 , 12 .\IJ m l e! I, The res idual o r 
th e' t~tl: bul e n t flux es and the n e t radia tion is a b OUl 0 ,1-1- :'IlJ m ~ d , I, \~hich ag;reci 
surpmlllg ly \\'e ll \\'lth th e 1I1 SItu grou nd-h eat flux m eas urem e nts 01 0, I J .\lJ III - d 
m a d e at th e sa m c location, A ss um ing a 3 c: te mpe raturc increase in a g lo bal-challp;e 
sce nari o, and us ing th e inrorma~ion ga il:,ed fi 'om the e ne rg\'-ba lance measurements, a 
Simple ca lculati o n sho\l'ed th a t ::>A x 10 - m \I ',e, ofsno\l' \\'ou ld be lost b\' sublrmatJon 
fo r a n area o r approx im ate '" +00000 km 2

, Th e incrca ,<; ed sublim a ti o n ' is clu e to an 
increase in the ne t radiati o n ba la nce ca used b\' an a lbedo redu c tion, This \\'o uld lead 
to a tota l annual mass reduction 0 (' 22 km:l \I ','C , of snOII' 101' th e entire G ree nl a nd iec 
'hee t. I\'hi ch is -1-,2 % o f today's annu a l accumu la ti o n , 

INTRODUCTION 

Th e Green la nd ice shee t pla ys a n impo rtant ro le in th e 

hem isp heri c c i rc ula tion beea use or its LOpogra phy and 
s tro ng tempc ra ture grad ient IOl\'ards tile no rth\lTs tern 
:\ tl a ntic. Th c LOtal a rea of' G reenland is 2 l S6 000 klll ~. 
with th c ice sheet co\'e rin g a n area of I 726000 km 2 o r 

ap prox im a tely four- fifth s o r th e isla nd, In its central part, 

Green land\ ice sheet is 3000 m or more a l1ol 'e sea le\T \. 

and 1 504200 km 2 o r S7% of' th e ice ca p is abO\T 1200 m , 
The (l\'e rage slope or th e ice sheet abo\'l' th e 1200 m 
e1e\ 'ar io n is about 0,+° , 

Th e ice she C' t pla\'s a n im portant ro le in the g lo ba l 

climate sys tem, partic ularl y beca usc o f th e a moullt of 

so la r energy absorbed a nd re fl ec ted, Th c d ifference in 

a lbed o be t\\Te n dn' sno\\' (rvO,S5 ) and \IT t sno\\' (rvO,65 ) 
underscores th e impo rtance of' the snO\I'-n1('11 conditi o ns 
for e ncrg\' exchanges \\'ith th e a tm osphere, Approx i

m ale ly -1-0 % o r 690 000 km 2 of' th e ice shee t \I'as ex posed to 

m elt durin g the ycars 1988- 9 1 :\bd alati a nd Stencn , In 

press ) , 

Th e pc rturba ti o n or th e surrace energ\' exc hange or 
the Grccn la nd ice sheet durin g a ge ne ra l g lo bal \I 'arming 
\\'ill IlO\I' be es tim a tcd, Lct us first ass umc a 3 -C a ir

tcmperaturc inc rea se and a n adiabatic la psc rate o f'0 ,6 c: 
per 100 m , \I 'hi c h see ms reasonable fo r th e Grecn land ice 

shce t Onig, 1970; Ohmura and o th ers, 199 1), This 

\\'o uld res ult in a 500 m yen ica l ri se o f th e 0 C iso lh erm 
during th e summ er 's \\'armest peri od , \I 'ith a ll a pprox i
mate ly SO km latcra l shif't o f' th e \IT t-snO\l' lin e, g iw'n all 

a\ 'e ra ge 0 ,+ slope of' the icc shee t. In the months .\r a~ 

September K onze lmann and o lh e rs, 199-1- 1 a mean 

g lo bal radiati o n or 300 \\ ' III 2 can be assumed for lh e 

a lti tude ba nd 1200 2000 m, \I'herc sllrf;\CC m c it occurs o n 
th e ice sheeL Ci\ 'e n a pe rim e ter o f' 5000 kill allCl ass umin g 
a n a\'Crage \I 'idth of'SO km of' th e \I 'et-snO\I' zo ne. the tota l 

area increase o f th e \lTI-SIl O\l' zO ll e a IJO\'C the cCJuilibriulll 

lin e \I 'o uld be a pproximate ly -1-00 000 km 2
, Due to th e 

a lbed o di!Terence betll'Cen I\'e t a nd d", ' sn o\l' an 

add iti onal 60 \\ ' m 2 o r roug h'" 2+ terra \I 'a;ts \I 'o ulcl Ile 
abso rbed h y th e ice-shec t SUrfilCC, Th esc assll lll]Jtiom a rc 
a ll ro ug h genera li zat io ns a nd sho uld S('I'\'(' ()nl~ ' as a ba ., is 

fClr disc uss ion o f' the possible \ 'ariatioll in th e surf;\ce 

energ\' cxc ha nge Il' irh g lo ba l \I 'a rill II1 g , 

ENERGY EXCHANGE NEAR THE EQUILIBRIUM 
LINE 

, \ pe rm a ne nl resea rc h ca mp \I'as esta lll ished a t the 

equ ilibrium-line a ltitud e 11 55 111 or tlt e Greelllalld ice 

shee t 60 km no rth east o r J akobs ha \ ' n 69 ~~-I-' ~,-I-9 17' \ \ ' ; 
sce Fig , I in 1990 \I'ith th l' support or th e S\I'iss Feelera l 
Ins titute of' T ec hn o logy. Zlirich, ClimaLOlogical mea

surements \\'cre ca rri ed o ut in u rd er to quciy th e cnergy 

exc hange and th e mass balance a l lh e s ur!~lce layer pri or 

to a nd durin g th e melt pe ri od, The s tation \I 'a s tak cn 0\'('1' 

b\' th e C ni\Trsi t \ ' of Colo rad o, Bou ld er. L S.-\" in 1992 
in o rd er to co ntinu e the fi e ld m eas ureme nts, Obsen 'at ioll> 

of th c SU rf i.lCC cnerg~ ' bal a nce are now prese ntcd fo r the 

13 https://doi.org/10.3189/S0260305500015536 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500015536


Stiffen : Swface energy exchange on Gree/lland ice sheel 
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pre-m elt and melt periods. Th e energy ba la nce is defin ed 
as fo llows: 

Rn + Qrl + QE + Q~ I + Qc = 0 (1) 

where Rn d enotes the net radi a tion , Ql1 th e sensible hea l 
nu x, QE the la ten t hea l flu x, Qc the sub-surface hea l flu x, 
a nd Q~ I th e energy used [or melt. For cOlwenience, all 
Ou xes towa rd s th e surface a re ta ken as positi ve . 

The air tempera ture reco rd ed at 2 m height (Fig. 2) 
sh ows a di stinct diurna l cycle in spring with dec reasing 
a mplitud e in la te spring rela ted to the d ecreasing so la r 
zenith angle a t midnight. The tra nsition fro m winter to 
summ er can clearly be seen in the a brupt rise of air 

tempera tures from -25°C to the freezing point. This 
wa rming can be ex plained by changes in th e la rge-sca le 
pressure di stributi on. T he winter circul a ti on is stronglv 
domina ted by two semi-perma nent cyclones, the BafIin 
Bay low to th e wes t a nd th e la rger I cela ndic low to th e 
southeast. Th e ice shee t is loca ted under a wea k saddle 

between th e two depressions. The summer circul ation is 

dominated by the press ure ridge ex tending from th e 
northeas t to wa rds th e cen ter o f the ice sh ee t. Th e la rge
sca le cha nge in the circul a tion pattern is res ponsible for 
th e a brupt tempera ture increase. 

60o~ 
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The energy Ouxes will now be di scussed for a 7 d 

period when air tempera tures were just below the freezing 
point (see shaded a rea in Figure 2) . Prior to th a t wee k, 
the surface had experi enced some melting. Th e radi a ti ve 
nu xes we re meas u red with two pyra nome ters, on e 
py rgeometer a nd one net radiometer (T a ble I ) . E ach 
parame ter was measured a t I H z frequency and the 

ave rage values were stored a l 10 min inten ·als. T h e 

diurn a l vari a tions of the different radi a ti on flux es a re 
shown in Figure 3 fo r th e week-long period in ~1a v IJ une 
1993. The globa l radi a Lion peaked a round so la r noon 
with values a round 750 W m 2 for clea r sky, a nd aro und 
650 W 111 2 [o r overcas t sky. At midnight th e so la r 

-------. 
600 W ____ J- -- ----

14 

500 W 400W 

Fig. 1. Overview of the Greellland ice sheel . The ollttilles 
~f the ice sheet a/ld Ihe land are showll. The location ~ Ihe 
joinl research camp oJ [he Swiss Federal Instilule of 
T ec/molofJ'. <)irich, and the University oJ Colorado , 
Boulder, U.S.A., is shown at Ihe west side of the ice sheet 
near Ihe village ~ J akobslwvn. 
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Fig. 2. Air temperature record 2 m above the ice s1l1face at the ETH/CU research camjJ at the equilibrium-Line altitude 

( J 155 m) of the Greenland ice sheet, ApriLlJulle 1993. 
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Stdfm: SIlIJace energ)' elc/tallge all Greenlalld ice sheet 

Table I. ImtrulI1entatioll llsed Jar tlte ellergl,-balall{f measurelllent.1 

Parameter 

ShOI"l-II'Cl\T in coming 

radi a tion 

Sho rt -\\'a\T re fl ected 
radiat ion 

Long-II'a , 'e in coming 
rad ia tion 

:\ et rad ia tion 

l\ir-lemperature profile 

i llstrument 

P yra nome ter 

P yranome ler 

P\TO'eo mCler 
, '" 

Sing le th ermopile 

Th ermi sto r 

~) 'IJe Precisioll 

Eppl y Prec ision ± I % 
P"ra nometer (PSP) 

Epply Prec ision ± I % 
P yranomeler (PSP ) 

Epph- Prec ision ±2% 
I nli"a red R ad iometer P IR ) 

R ad, and Energ \' System ±5% 
RH 207 Fenll'a ll Error ±0,4"C 

Electronics (U UT5 1] I ) for - 33 to +S C 

Heights 
n1 

2.5 

2,0 

2.+ 

1. 8 

0,54, 1.0+. 2. 1 

Humidity profi le Electric res istance RH 207 f enll'a ll Elect ro ni cs Error < ± 5% 0,54, 1.04, 2.1 
(P C R C-ll ) R a nge: 12'1'0 100 °It, 

Wind profile 3 Cup anemometer I\Je t One In c, ± 1.5% or 0,5+, 1,04, 2, I 
±O,llm s I 

Press ure 
Tempera ture: edd y 

correlation meth od 

\ \ ' a ler-\ 'a por fI ux : edd y 

corrc la tion me thod 

Wind-momentum flux: 

cdd y co rrela tion method 
Snoll' rem pera tu re prolil e: 

g rou nd-h ea I nu x 

Barometric senso r 
Fine wire th e rm o

couple. 0.0 12 mm di a 
meter 

KH 20 kryoplon 

h ygromete r 

Son ic a nemometer 

T hermoeou pIe 

0 0.9

1
---

"0 0,8 - - - - --.;.,....;:,. a> 
.0 0,7 - ~ - -=-:-' 
« 0.6 - - -

900 -+-
--A-

800 

700 

~ 
600 

E ..... 
~ 500 
Ul 
a> 
X 400 ::::l 

u::: 
a> 300 .~ 
ca 
'5 200 ca 
a:: 

100 

0 

·100 

30-May 31-May 1·Jun 

Sel ra S BP270 ± 0,2 mbar 1. 2 
127 Cam pbe ll Scien tific ±0.0 16 c: O.S 

Campbell Scient ifi c <± l gm 3 O,S 

Campbell Sc ientifi c ± 0,004 mS I 0.8 \ 

Fluke, SOPK-2A ±O. I C 0,025 . 0,05. 
O. I. 0 .2 

~ 
- - './-."; - - - - - -

:~-
-'~ - ~. -

S (in) 

S (reil) 

L (in) 

2-Jun 3-Jun 4·Jun 5·Jun 
Date 

h j!" 3, Diurnal UlriaLion oJ sltort-ll'm'e illcomillg radiatioll S( ill), .I/zort- l(,(ll'e r~flected mdiaLioll S( reJl ) . /Ollg-ll'{/l 'e 
illcomillg mdiatioll L( ill ) alld lIet radiaLioll 01'eJ" a SIlOW (Ol'er at the ETHICC research ca 1111) , . 1!(~)'lJlllle 1993, ,\"ote the 
5% albedo c/zange between clear and Ol'flcajt sk)' (2 J1lne 1993) . 
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SllfJm : SlllJare me/g)' nr/wlIge 011 Creel/lal/d ice sheel 

radi a ti o n Il'as still sli g htl y pos iti ve (50 \\' m 2) with 

mini m u m so la r ze nith a ngles a ro und 88° Th e o bsen 'ed 
a l bed o u nd er d ea r sky lVas 0.75, and in creased wi th 
QI 'e rcas t skI' to 0.8. T he snow SUI' Lace had ex peri enced 
some p ri o r melt , as mentio ned a bove, but consta nt drift of 

dry sno w fr o m hi g her e le l'a ti on s (ka ta ba ti c II' ind ) 

in creased th e a lbed o from a tl'pi ca l we t-snoll' a lbed o, 

0.65, to 0. 75 . L o ng -wave in co min g ra di a ti o n was 
200 " ' m 2 und er clea r sky condi tions a nd showed li t tl e 
di urn a l I'a ri a ti o ll . e nd er an 0\"C1T<ls t sky as 0 11 I. 2 a nd .3 
Jun e th e 10 ng- wa\T radia ti on in creased by a pproxima tely 

80 \\' m 2. T he ne t radi a ti on showed a diurn a l evcle with 

\'a lu es a rou nd - 60 \\' m 2 a t midnig ht a nd ' aro und 

70 \\' III 2 a t solar noon. 

Th e la tent a nd sensibl e energy [luxes were meas ured 
using bo th th e ae rod yna mi c (pro fil e ) me th od and th e 
eddy Ilucr uation me th od. The ins trum enta ti on fo r th e 

two di(le rent methods is g il 'en in Ta blc 1. Th e la tter 

me th od was based on a sonic a nemo meter a nd a krvpton

abso rpti on hygromete r for meas urin g the turbulent flu xes 
a t 10 H z. Th e sensible (H ) a nd th e la tent (LE ) hea t [lu xes 
a re g ive n !J\': 

H =: -pCp lu'8 ' 

LE =: -pLpw'q' (2) 

where p d eno tes th e de nsit y of a ir, Cl' th e spec ific hea t o f' 
a ir , a nd Lp th e la tent hea t of\ 'a poriza ti o n, a nd w' . 8 ' a nd 

q' a re th e flu c tu a ti o n parts of th e ve rti ca l \I'ind speed , 

tempera tu re a nd humidit y sig na l, respecti\ 'C ly. 

R es ults from th e edd y flu c tu a ti on meth od are shown 
in Fig ure 4·, cO\'c ring th e same lime peri od as th e 
radi a li l't, flu xes ill Fig ure 3 . Th e a ir te mper a ture 
meas ured a t 2 m was bel 011' freezing, approac hin g Doe 
within o. I' e a t so la r noon. Th e flu xes a re plo tted wit h 
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th e sig n conve ntion g i\c n in Equa tion (1). N e t radiati on 

is th e prim a rv energy so urce during th e d ay a nd th e 
maj or ene rgy sink during th e ni ght wh en th e Sun is 10 1\ ' . 

On th e a \'e rage betwee n 30 :\I ay and 5 Jun e th e ne t 
ra di a ti on was in surplus by 1.4 \\'m 2 (Fig . 5 ) . 

Th e la tent hea t (sublima ti on ) lVas th e m aj or hea t sink 

durin g th e d ay . This is typi cal fo r th e pre-mclt tim e 

peri od on th e Greenla nd ice sheet (Or\' ig, 1970) . F or la\\,
Sun a ngles th e la tent hea t [lux was slightl y positi\ 'e 0 11 a 

20 ~--_L-1~L-~1--~--~1---i--_~1--~ 
r-

15 -

10 -

5 - -

0 - I- -

-5 - -

-10 - -

/,;;mmm= =------------------.. -
Latent HF mean = ,13.6 W m" 

-15 -

-20 - c::=J Sensible HF mean = 10.5 W m" -

- Net Radiation mean - 1.4 W m" 
-25 -l----,-T-~==;T;::::::==:;:==T;:=:=;:======~ I~~ 

30-May 1-Jun 3-Jun 5-Jun 
Date 

Fig. 5. Dail), I7lNIII energyjlllus during /JI'e-lIIe1l al Ihe 
E T H jCC research cam!) 0 /1 Ihe (;reel7lal7 d ice sheel . Ilia) ,! 

] lIllf J993. 

-70 --"-.---,---,--,---.--~--~--~--~--~--,---,--,---.--L-

16 

30-May 31 -May 1-Jun 2-Jun 3-Jun 4-Jun 5-Jun 
Date 

Fig. 4. D iurt1all'{{ rialion oJlurblllml alld radialive e/lfl~r!"J1flll .\· eJ over (f SIIOW SII1Jace . T lnougholl llhe lime IJeriod 30 ;\h~J'-
5 J une J993 Ihe air lemjJeralll re was below ooe, a/!/)I'oacllillgji'ee;:illg IJoill/ wilhin o.rc al solar /10011 . 
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fe l\' occa sions conde nsa ti o n ), On a d a il y a\'e rage th e 

nux \I'as nega ti\ 'C (Fig , S ), Th e a n ' rage \I'ee kly en ergy 

used for th e la te nt hea t Dux \\'as 13 ,6 \\'m :! , \\ 'hi c h 
equal s a n a \ '(' rage sublim a tio n rat e o f' -1- ,1 x 10 I m \I',l[e r 

equi n ti ent (\I' ,e ,) of sno\\' pCI' da y , This is in agree m ent 

I\'ith sn o \l' a bl a ti o n m ea surem e nts m a de a ro und th e camp 

a rea a t fo ur dirrerent bamboo po les, F o r th e tim e pe ri od 

30 j\lay 9 Jun e a d ecrea se in sno \l' d epth o f 2c l1l I\'as 

reco rd ed , Ass uming a m ean densit y o f' 250 kg m 3, as \I 'as 
m eas ured fo r th e top sn ol\' laye r. th e to ta l sublima ti o ll 
ra te \I 'o uld be 1,2 c m o [ sn oll' lo r th e 7 d, The diffe ren ce 

be t\l 'Ce n the in situ m easurem e nts and th e ca lcul a ted 

sublim a ti o n co uld be expla in ed b y sn o \l' compa ctio n, 

Appa re ntl y, th e sublim a tion a t th e equilibrium-line 
a ltitud e can be quite substa nti a l, es pl'c ia ll )' und e r [b hn 
cond i ti o ns, a nd th e m ea su rem e nt s at th e ETH le U ca m p 
compare \\' e ll \\'ith I\'ee kl y e \ 'apo ra ti o n ra tes 0 ['0 ,9 C Ill I\' ,C, 

m eas ured o n th e inl a nd ice a t +60 m cl('\'a ti o n (Ol'\ ' ig, 

1970 ) , 

Th e se nsibl e hea t nux is pos iti n' during th e ni g ht 
ho urs (e n e rgy nu x into th e sn o\\, ) a nd co unters in pa n 
th e lo n g--\l'a l '(' ra di a ti o n loss Fig , 4 ) , During th e cl a l' th e 
IT rti ca l se nsible flux d oes n o t ex is t s ince th e a ir a nd 

sno \l'-surface tempe ra tures a re bo th close to zero a nd th e 

temperature g ra di e nt is roo sm a ll fo r e nergy exc h a n ge, 

The rcf() re, th e se nsible bea t nux is pos iti ve thro ug h o ut 
the wh o le w eek (Fig , S ), a nd ca n be co nsid e red as the 
majo r cnergy so urce for sublim a ti o n, Th e 1\'C'e kl y surplu s 
o f e n e rgy \\'as ca lcul a ted to be 10,5 \\ 'm ~ , \I 'h e reas th e 

n e t ra di a ti o n co nstituted a surplus 0 [' o nl y l,.j, \\ ' 111 2, 

Th e res idu a l o f th e turbulent a nd ra di a ti o n [1u:\ es is 

th e en e rgy sto red o r released fro m th e sn o ll' , Qc:, th e sub
sur!ilc l' hea t flu x , Based o n th e nu x m cas urem e nts, Qc: 
was sli g htl y positil 'e a t l. 7 \\' m 2 Th e g ro und-h ea t flu x 
d e ril 'Cd fi 'om tempera ture-pro file m eas ure m e nts in th e 

sn Oll' a t fo ur diffe re nt le\ 'e ls is in good agreem ent \\'ith th e 

res idu a l o f th e eddy nux m e th od , ,\ m ea n nux o f 

1, 6 \\'111 :! was d e ri, ' e~1 [or th e sa mc lI'Cc k o f 30 ]Vlm' 6 

.J u n c a t th e ETH le U researc h sta tion (perso nal comlTI u
ni ca li o n fi 'o m \\" Abdala ti , 1 99 '~ ) , I belin'e th a l this 1('1'('1 

o f agree m ent is surprising , j[' no t suspi cio us, co nside ring 

lh e fac t th a t en e rg y-balance m eas ure m e nts a re most 

diffi c ult during th e pre-melt pe ri od beca use th e m ea n 

nu xes a rc sm a ll , 
Th e turbul e nt en ergy Du xes lI'e lT a lso m easured usin g 

th c aerod yn a mi c m e th od fCl r th e tim e pe ri od 26 .\la y 22 
Jun e , During lh a t time, dry-sn o ll', o n se t-o (~mclt a nd 

m elting-sno\\' conditi o ns occurred as can be in('e rred (i'o lll 

th e 2 m a ir-te mpera ture reco rdin gs a t th e sta ti o n (Fig , 2 ), 

I t is n o t th e a im o f thi s pa per lo co mp a re th e 
ae rod yna mi c a nd ede'" co rre la ti o n m e th od s in d e tail. 
H OII'el 'C l'. it is impo rtant to s ta tc th a t bo th m e th od s ga l 'e 

\ 'e r y simil a r res ults fo r turbul e nt flu xes, The la tenl h ca t 

nu:\ \I 'as a pproxima te ly 20'Yo sm a ll er fo r th e ae rocl\'na mi c 

m e th od compa red to th e edd y flu :\ m e th od , but bo th 

m e th od s sho \\'ed a m a ximum a nd minimum a t th e same 
tim es , 

ENERGY EXCHANGE DURING GLOBAL 
WARMING 

.\ striking qu es ti o n is hOI\' th e e nergy cxc ha ngT \I'o uld be 

SleJJfll : SIII/O({' (' lIfl gl ' I'Ir/WlIgl' Oil (;rl'm/alld icl' ,1/i1'1'1 

a lte red b\' a \I'a rm cr c lim a te, If' li e ass um e a :3 C 

te mpe ra ture in c rease , th e \I'('[-sno ll area o f th e Gree nl a nd 

ice shee t lI'o uld in c rease b) a pproxim a tely ~OO 000 km~ , as 

m cnti o ned ea rli e r. Th e a n a lyzed tim e period o f o bsc l'\ 'a 
li o n a l th e ETH ICe cam p 11 as c hosc n LO be r e presc n ta 

tilT fc)!' th e d esc ribed sce nari o , Pri o r to th e tim e peri od 

il1l'cs ti ga ted , th e re Ilas so m e initi a l m elt o rth e sn o \l' cO I'e r 

\I ' ith tcmpe ratures a bOlT th e fi"eez in g po int. Aft e r thi s 

ea I'll ' melt , te mperatures drop ped aga in Fig, 2 Th ere
lo rc, a snO\l a lbed o 0 [ 0 ,75 mi g ht be quit e typica l Ifl r th e 
regio ns th a t cx peric nce so m e initi a l m c ll. This is 0 ,1 10\ \ C l' 

th a n fo r the dr)'-sno \l' reg io ns of' th e ice , h eel. Assu min g a 

m ea n inso la ti o n o r 300 \\ 'm ~ f() r th e m o nths \I a) 

Se pte m ber Greuell a nd K o nzclm a nn, 199-1- ), a n aclcl i
ti o n a l 30 \\' m ~ \I 'o uld be a l 'a il a )l ic a t th e snO\l' , urface lilr 
th e turiJuicnl flu xcs a nci th e hca till g o l' th e sn O\l' COlT I'. In 
lh e case 0 [' increa sin g clo udin ess, thl' g lo bal radi a ti o n 

Il'o uld decrea se a nd th e S Urf~I (,(, a lbed o ll'O ulcl in crease, 

\I 'hi c h has no t bee n ta ken into acco unt 10 1' this , imple 

ca lcul a ti o n , Th e energy-ba la n ce s lud y a t th e ETH CL 
ca mp durin g th e pre-m c lt p lTiod sh()\\cd th a t o n alT rage 
tl1(' (' n l'rg-> surplus he re is used fo r the sublim a ti o n o[', no\l 
Fig-,5 ' .\ ss uming a d a il > e ne rg l' ,> urplu ,> o[,2 ,59 .\IJ m ~ , 

this \l o uld lead to a d a il y sublimatio n ra te 0 [' 9x 10 I 

m 11' ,e .. o r 3, 7 X 10 3 m 'o r sn o ll' I" ith a d emit \, o f 

250 kg III '1 , J[' I\'e ass um e th a l th e a dditi o n a l melt ~ reas 
occ ur in th e middle 0 [' the stlmlll ('l' a nd \I ' ill las t Ifl r 
approx imate ly 2 m o ntlb , a tot a l 0[' 0,22 m o [' sn o \l' \l o ulcl 

be sublim a led \I 'ithin a \ ca r du e to th e albeci o d ecrease , 

Fo r th e c ntirc Gree nl a nd ice sh ee t, ro ug hl y 22 km :l \I ' ,C , o f' 

sno \l' I\'o uld be los t. T od ,l\', th e m ea n a nnLl a l acc ulllul a

t io n o n th t' G reenla nd ice ~h ee t is eS lim a ted to be 520 km :1 
Ohlllura a nd R ee h , 199 1 Th crdi)re, a ~ e a ir-

tt' lllprrat urc increase du e to g lo iJa l \I a rmin g l\'fl ul d 
resuit in a -1- ,2°;;, n e l loss oj' th e a nllu a l acc ulllul a ti o n 

du e to sublim a ti o n, 01,(, 1' se lT ra l \'('a rs thi s co uld lead to a 
subs ta nti a l m ass -bud gc t defi c it j[ ' th e acc umulati o n 

re m a ins at th e prese nl ra le , 

CONCLUSIONS 

En e rgy flu x m eas ure m e nts durill g th e piT- m e lt p e ri od 

a rc ex tre m e ly ciifllc ult beca use d a il y m ea n I'a lu es of 
th e se nsible , th e la te nt , th e g ro und a nd th e ra cii a ti n' 
[]u xes a re smali, Th e diurn a l I'a ri a li o ll s lix e a c h flu , 

arc la rge a nd c<l n I'a n ' co ns id e ra bl y , 1-I 0 lI' e l 'e r , th e n e t 

r a diati o n bal a n ce O\'l' r ;1 I wee k peri o d is o nl y 

I A \\' m :1 , On a ver age , th e sensible hea t flu x pro \ ' icl es 

th e net e n e rgy fo r tilt' suhlimati o n o f' th e ',n O\I' pri o r to 
lh e m e lt pe l' iod, H eatin g o r t h c SIl O\l ' cOI 'e l' 11 as 
n egli g ibl y sm a ll 1'0 1" th e pe ri o d di sc usseci 30 .\1 <1> 6 
.Jun e ), Th e g ro und-h eat flu x, ckri \Td a, th e res idu a l 

fi 'o m th e oth e r en ergy-ba lance co mpo n e nts a nd It'o m 

in s itu m ea s urem e nt s , h a d a s li g htl y pos iti \'e \ 'alu e 

e nergy flu x 10 th e SI1 0 ll' surl;tcc ), \I 'hi c h co uld b e 
ex plain ed b y th e \I 'a rm sp e ll pri o r LO th e ti me p e ri od 
di sc ussed in thi s ]Ja pe I'. 

In case or a g lo ba l wa rmin g \I ilh increased a ir 

te mpe ra tures, th e a rea o r th e 1\'(' t-snOlI' zo ne \\' ill increase 

sig nifi ca ntl y, Due to th e reduced s Url~I CC a lbed o \I'ith lI'e t 

snOll', th e re w ill be a n a dditi o n a l 30 \\ ' III ~ a t th e snOl\ 

surl ;IlT to di ss ipate , Il is s LI !!,'g-cs ll'd lh a l th e excess encrg) 

17 
https://doi.org/10.3189/S0260305500015536 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500015536


SleJfen : SlI1Jace ell erg)' e.\change 017 Greenland ice sheel 

from th c ne t rad iation will be used primarily for 
sublimation , whi ch for a 3°C warming will be approxi
matelv 22 km 3 w.e. of snow on a n annual basis. This is 
approximately 4 .2 % or the a nnual accumula tion for the 
Greenland ice shee t. 
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