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Radiative fluxes and their itnpact on the energy balance of 
the Greenland ice sheet 

TH01\I AS KOi\"ZEL'.I A .'\Ti\" AND ATSUM U OH'.IUR A 

CeograjJhisclles inslillll, Eidgeniissische T ecllllische Hodzsrllllle (ETH), CH-8057 .<}irich, Switzerland 

ABSTRACT. A me teorological cx perim ent was carri ed out during th e summer 
months of 1990 and 199 1 nea r the mean equilibrium-line altitude (ELA) on the 
wes tern slope of th e Greenland iee sheet (ETH C a mp; 69° 34' N , 49° 17' W; 
11 55 m a.s .I. ). As a part of th e projec t, th e energy fl uxes a t th e surface, including all 
components of th e ra dia tion bala nce, a tmos pheri c profil es with a tower and 
radioso nd es, and th e clo ud condition were investiga ted ill. d eta il. Res ults from the 
radia ti ve flu xes are compa red with obsen ·a tions made a t o th er loca tions ill. o rder to 
deri ve genera l cha rac teri stics of the radia ti on conditions on th e Greenland ice sheet 
and th eir rela ti on to th e climate of the ice sh ee t. 

At ETH Camp, a lbed o values obtained a t ground level (2 m) and from a high 
tower (27 m ) are simil a r during th e melt season (la te M ay to mid-August) a nd sli ghtl y 
differen t during pre- and pos t-melt seasons due to the inte rpl ay of inhom ogeneous 
surface conditions and so la r ele\·a ti on. During th e melt period , the dec rease in global 
radia tio n due to increasing cloud a mo unt is compensa ted for by an inc rease in 
longwave in coming radia ti on. Because o f the stead y values of longwave outgoing 
radi a ti o n, net radi a ti o n a t the surface is cha rac teri zed m ainl y by th e a lbed o and its 
va ri a ti on . Th e regiona l ne t radi a tion fo r summer months on th e Greenland ice sheet is 
determin ed mainly by three fac ts: (I ) a strong increase in a lbedo from the a blat ion 
a rea to th e ELA and a sm aller increase fro m the ELA to the acc umula tion a rea; (2) a 
la rge inc rease in longwave outgoing radi a tion in th e abla tio n a rea and a t the ELA in 
June and Jul y compared to th e acc umula tion a rea; (3) a la rge r amount of clo ud of th e 
stra tus type a t lower a reas . 

INTRODUCTION 

Because of the large surface a rea of the G reenland ice 
sheet a nd its impac t on the regional a nd g lobal clima te, 
energy-ba lance inves tiga tio ns on the Greenland ice shee t 
becam e necessa ry. Th ese includ e kn o wledge of th e 
stru ctu re of the a tmosph ere above th e ice shee t as well 
as the ph ysica l processes a t th e surface a nd in the snow 
a nd ice layers. In contrast to Anta rcti ca, where the air 
tempera ture is \·ery 10\<" , la rge areas of th e Greenland ice 
shee t a re subjec t to intense melting during summer and a 
global wa rming will pro ba bl y enlarge such areas with a n 
increas ing ra te of melt. Onl y with a tho rough under
sta nding of the a tmosph eri c bounda ry layer and th e 
energy- a nd mass-excha nge processes can th e response of 
th e Greenla nd ice sheet to changing cl im a ti c conditi ons 
be simul a ted by th e rm od yna mic ice -shee t mod els 
(Hu ybrech ts and oth ers, 199 1; Abe-O uchi and others, 
1994) . 

The energy ba lance, which includ es net radi a ti on , 
sensible-hea t flu x, la tent-h eat flu x, la tent heat of fu sio n 
and gro und-h ea t flux , d e termines th e m e l t processes a t 
th e surface . Th ese processes depend stro ngly on a tm os
ph eri c con diti ons and surfaee properti es. Th e energy gain 
a t th e surface is ca used m a inly by the ra di a ti on balance 
during th e melt season, because the sensiblc- and la tent-
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hea t flu x almost cance l out each other (Ambach , 1963; 
Ohmura a nd others, 1994) . This energy is m a inl y used ro 
mel t snow a nd ice. Therefore, a d eta iled knowled ge of all 
components of th e radiation ba la nce and th eir interac
ti ons is necessa ry. 

The Greenla nd ice shee t is th e onl y ice sh ee t in th e 
Korth ern H emisphere and it presentl y stores 8% of the 
globa l ice volum e (Ohmura , 1987 ). The clim a te of the 
mean eq uilibrium-line altitude (ELA) can be r egarded as 
the representative clim ate for the ice shee t (Ohmura and 
others, 1992 a ) . Therefore, the present stud y site (ETH 
Camp; 69° 34 ' N , 49° 17' W; 11 55 m a.s.!. ) is loca ted near 
the ELA (Fig. 1). The area surrounding the si te is a fl a t 
snow and ice pla in and devia tes less th an 1 ° from a n ideal 
hori zon (L a ternser, 199 1). Nl e teo rological m easurements, 
including upper-a ir so unding, a ir tempera ture, rela tive 
humidity, wind speed, wind direc ti on, ra di a ti ve and 
turbulent fluxes, tempera ture profil es in the snow and ice 
layers, mass balance and synoptic observa tio ns were 
ca rri ed out a nd have been d esc ribed in detail b y Ohmura 
and oth ers (199 1, 1992 b) . Th ese measurem ents were 
prepa red to improve the understa nding of th e clim ati c 
conditions a nd the exchange processes a t th e surface, 
which ta ke place from the free atmosphere th ro ugh the 
a tmospheric boundary layer in to the snow a nd ice layers. 

The present paper shows the interac ti ons o f radi a ti ve 
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Fig . I. Localions oJ radialioll measuremell t all the 
C:reenland ice sheet reJerred la ill llie lexl . Solid lille, ice 
margIn . 

flu xes a nd a tm ospheri c a nd surface condit.i ons whi ch can 
be used to improve ex istin g pa ra m e te ri za ti on schem es of 
sho rtwa l'e a nd lo ng wal'e radi a til'e flu xes as wel l as to 
prov ide th e g ro und truth fo r re m o te sensing a nd th e 
\'a l id a t ion for ge ne ral circul a ti o n m o dels (c C i\ Is) . 

METHODS AND INSTRUMENT A TION 

At ETH Ca mp, th e foll owing ra di a til 'C flu xes we re 
d e te rmined fo r th e pe riods 6 J un e 29 Au gust 1990 a nd 
I I M ay- 27 Aug ust 199 1: direc t so la r radi a ti on , diffu se 

sky ra di a ti on , g lo ba l radi a ti o n , shOrLII'a l'e re fl ec ted 
ra di a tion , long wa l 'e incoming ra di a ti o n , longwa l'e o ut
go ing radi a ti on a nd net radi a ti o n. Th e a lbed o was 
o bta in ed a t g ro und level (2 m) a nd from a hi gh to wer 
(2 7 m ) . D eta il ed cl o ud obse rl'Gllio ns (a mo unt a nd type) 
we re mad r s(' ve n tim es a day . A li s t conta ining th e tim e 
se ri es of th e a mo unt o f eac h of th e fo ll o wing cloud types 
was compi led: lo w c loud as c umu lus, stra toc umulu s, 
s tr a tu s; m idd le clo ud as a ltoc umu lus tra nslu c idu s, 
a ltos tra tus tra n. luc idus, a ltos tra tu s o pac us; hi gh cl o uds 
as c irrus, cirrocumulus, cirros tra tu s. The cloud o bsen '
a t io ns were based o n th e cod es o f th e \\'orld \le teo r
o logica l Organi za ti o n (WMO ). 

Th e radi a tio n ba lance ca n b e expressed b y th e 
fo ll ow ing equ a ti o n: 

N R = (Q + q)( l - 0') + (L i - Lo) . (1) 

A'OIl;::elmalln and Ohmllra : Energ), balance oJ Creel/Land ice sheet 

In a dditi on to th e ne t radi a ti on m easured by a ne t 
radi o m e te r, th e indil 'idu a l components were obse rved. 

Th e m eas ured compone nts were globa l ra di a tion (CL = 
Q + q), diffuse sky ra di a ti on (q), sh o rt\\,a \'e refl ected 
radia tio n (aCL ) at g ro undlel'Cl and fro m th e hi gh to\l'er , 
a ll- wave skv radi a ti o n (diffu se sky a nd long wa\'e 
incoming ra di a tion, AVVdif ), a ll- wa\'e o utgo ing radi a ti o n 
(sho rtwa ve refl ec ted a nd longwave o u tgoing radi a ti o n . 
A I/Volld a nd net radi a ti o n (N Rrn ). Direc t so la r radi a ti o n 
IQ ) was calcul ated as th e d ifference be t\l'Cen glo ba l 
radi a tio n a nd diffuse sky radi a ti on. Additi o na ll y, direc t 
sola r ra di a ti on (Qm) was m eas ured by a n Epplcy N IP in 
199 1. Long wave in coming (L i) and o Ulgo ing (L o) com
ponen ts were ca lcul a ted as fo llo\\'s: 

L i = A Wdif - q + (JTu.J. 

Lo = A vVo1I1 - o:.CL + aTc! I 

(2) 

(3) 

where Tu a nd 'Fel a re the body temper a tures in K eil'in oC 
th e up-rac ing a nd th e d ow n-fac ing sensors, respec ti ve ly. 
Th el' a re m easu red with Pt-l OO resista n ce th erm ometers. 
(J is ~h e S tcCa n Boltzm a nn constan t ( = 5 .67 x 10 8 

\\' m 2 

K 4) . Th e emi ss il 'ity of th e se nso r surface was ass um ed to 
be unit y . 

Th e si te \\'as equipped \\'ith fo ur p yra nom t'le rs 
(Swiss teco, SS-25). two p yrradi ometers (Swiss teco, ST-
25 ), a ne t rad iometer (Swiss reco, S-I ) a nd a pyrh e l
iome ter (Eppl ey, KIP ) . Th e pyrh elio m e te r was mounted 
on a n e lec tri ca ll y dril'e n sun trac ker. Two p yranomete rs 
we re used for measuring C L and aCL at g round leve l 
(2 111 ) . Th e third pyra no meter \I'as m o unted on lh e 
mi c ro m e teo rologica l lo we r, a t a he ig ht of 27 m fo r 
meas uring short wave re fl ec ted radi a ti o n representa til '(' 
of a la rge r a rea . Th e fo urth pyranome tc r was mOLlnted as 
a diITusogra ph with a shad ing ring (sha ding a ngle o f' 
12 1 ) . Th e up-fac ing py rrad iometer \I'as a lso equipped 
wilh a sha ding ring, exac tl y in th e sam e m a nn er as th e 
diffusogra ph. The qu a lit y o f th e res ults ca n be improl'ed 
consid e ra bl y by using th e shad ing melh od (Ohmura a nd 
Seh ro ff, 1983: DeLuisi a nd oth ers. 1993 ) . The down
fac ing p yra nometer a l g ro und lel 'e l, th e dow n-fac ing 
pyrradi o m ete r and th e ne t radiome te r we re mounted 
close to eac h oth er on a 2 m long hori zo nta l ba r on th e 
same stage so th a t th e m eas urements fro m th e instrume nts 
re presented th e sa me undisturbed s urr~lce conditi ons. Th e 
se nso r s with th e sha din g rin gs a nd th e up-rac in g 
py ra n o m e te r (CL ) we re moun ted o n se pa ra te stages. 
The stages were drilled into th e ice a bo ut 35 m so uth eas t 
(up-wind ) o f th e ca mp a nd th e ho rizonta l di sta nce 
be twee n th e instrum ents was abo ut '~m . A ll th e instrum 
em s we re m o unted o n a l 'C rage bet\l'ee n 1.4 m a nd 2.0 m 
abO I'C th e surface a nd fixed from tim e to tim e a t a lower 
leve l beca use of th e Ill e l ti ng surface . Th e d own- fac i ng 
pyrano m e te r on th e to we r was fi xed a t. a cli sla nce 01' 2.5 m 
from th e fra me of th e LOwer a t a heig hl o f 27 m. At leas t 
fo ur lim es a day (0000, 0600. 1200 a nd 1800 h CTC) a ll 
th e conditions of th e ins truments we re chec ked a nd lh e 
shading rin gs were turn ed lo fo llow th e pa th of the Sun. 
Th e sig na ls from th e ra d io m elers we re reco rd ed el'e ry 15 s, 
ave raged OIT r a 30 min pe ri od and sto red in a d a ta logge r. 

During th e three pe ri od s, a t th e beginning. in th e 
middl e a nd a t th e e nd or each field season, rela ti ve 

calibra ti o ns we re mad e, w here a ll senso rs wCJ'e moun ted 
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up-fac ing a nd th e shadin g rin gs were remoyed . For th e 
relati\T ca libra tion, one p y ra nometer was chosen as a 
refe ren ce in strum en t a nd th e \'a lu es o f the o th er 
pyra no m e te rs \\'ere adap ted to th e refe rence instrumen t 
b\' linea r functions . The c ut-o ff by th e sha ding ri ngs ",as 
ca lc ul a ted afte r Drumm o nd ( 1956 ) a nd co rrec ted 
acco rdin g ly. For th e a ll- wave sky rad ia ti o n , onl y pa rt of 
th e sho rt wa\'e radi a ti on was co rrec ted. Th e error in th e 
up-facing pyra nometer (C L ) due lO th e cos in c res ponsc 
\\'as co rrec ted fo r zen ith a ng le> 70

0 

using a poh 'no mina l 
fun ct ion whrreby onl y pa rt of th e d irec t sola r rad ia ti on 
CL was ta ken into acco unt. 

Th e calibra ti on codTi c ients a re th ose in W orld 
R adi o m e tri c R dc rence (\ , oR R ) . All senso rs \\'C re ca l

ibra ted b y the manufact ure r less th a n I yea r prior to use 
in th e fi e ld season 1990 . In a dditi on, three p yrano mete rs 
(g loba l radi a ti on, diffuse sk y radi a ti on a nd short\\'a \ 'e 
renec ted ra di a ti on a t g ro und le\'CI) we re reca libra ted 
a ft er th e fi e ld seasons with a p~r06 a bso lut e radi ometer 
in combi nat ion \\'ith a sha d ed refe rence p yra nome te r . 
On e p \T ra d iometer \\'as reca libra ted u nd er a n ice ca \'i ty 
a t th e m el ting point. 

Th e unce rtain ti es in th e p yra nome te rs a rc a bo u t 
± 4 \\' m ~. This \'a lue is d eri\ 'ed by a bso lute a nd rela ti \'e 
ca libra ti o ns. Th e un ce rta inty of the long wa \'e in coming 
radi a ti o n using the shading met hod is es ti ma ted a t 
± 10 \\ ' m 2 accordin g to a n inte rcompa ri son of inst rum
ents pe rfo rm ed bv D eLu isi a nd o th e rs ( 1993 ). Th e 
e\'alua tion of th (' long\\' a \ 'C o u tgoing ra di a ti on is more 
acc ura te due to melting surface cond iti o ns. 1'11(' un
ce rta int y o f th e calcu la ted ne t radi a ti o n (N Rr ) is 
es tim a ted a t ± 12 \\' m ~ 

RESULTS 

The res ults prese11led he re were obta in ed d uri ng th e 
summ er mo nth s Jun e, J ul y a nd Au g us t. III 1990, 
measu rem e nts sta rted a t th e onse t of me lt a nd stopped 
in th e pos t-m elt season , w hil e th e obsen 'a ti ons in 199 1 
includ e p re-m elt :'lay ) , m e lt a nd pos t- me lt seasons. 

Measuring discrepancy 

At th e present site, ne t rad ia ti on was meas u red direc tl y 
with a single ne t rad iom e te r (N R ill ) a nd a lso calcul a ted 
(N R(' ) as the sum of sho rlwave a nd long v\'a \-e radi at i\'e 
fiux es w hi eh were indi \' idu a ll y m eas ured. In Fig ure 2 th e 
diffe rence between N Rc a nd N RlII (L1N R ) is plo tt ed 
aga inst g lo ba l radi a ti o n . Th e circles re present hourl y 
mean va lu es ( 1909 cases ) fo r th e sum me r m o nths of 1990 . 
The compa rison sho\\'s a sig nificant und e res tima ti on o f 
net ra di a ti o n measured by th e Funk- type n e t radi omete r. 
MLill e r a nd Ohmura ( 1993 ) sh o\\'ed a simil a r cha racte r
isti c fo r measurements m a d e a t Paye rn e (Switze rl a nd ) 
with th e same type of instr u m ent. They reaso ned th a t, 
\\·hen the senso r surface is h eated by so la r ra di a ti on (i. e. 
th e ne t-ra di ometer ou tpu t is positi \'C ). th e n e t radi omete r 
loses a pa rt o f th e a bsorbed radi a ti o n to th e rm a l 
convec ti o n whi ch d evelo ps be twee n th e se nso r surface 
and th e polye th ylene do m e. The bes t fit be tween the 
und erestim ation of ne t rad ia tion a nd g lo ba l radi a ti on ca n 
be obta in ed using a fun c ti o n described by th e [a llowing: 
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Fig . 2. Relations"i/} between the diJ.ference inllel radialioll 
(. \ R, . \ R II) and global radialioll based 01/ hourly mean 
lIalllfs of SlIm l17rr 117(lIltllS 1.990 . . VRr is calculated as lite 
slim qf shortwaN 11ft and /ongw([ ve ne! radiatioll . ,\R

'II 
is 

measured di recl£)'. The ClIrl'e re/Jresellts the optimal Jil qf 
l:;quation ( 4) 10 the /)oil1ls showlI in the figure . 

!J.N R = aCL i
! (4) 

with a =0 .00 125 a nd b = 1. 6297 . Th e co mparISo n 
between ETH Ca mp a nd Paye rn e indica tes th a t the 
a m ounts of L1N R a re simil a r during th e SLlmm er season 
fo r a mid-la titud e stat ion a nd a sta ti on on (he G reenl a nd 
ice shee t. I t is a ma tte r fo r furth e r ill\'es ti ga ti o n wheth er 
thi s conclusio n can be trea ted as ge nera ll y va lid or 
w heth er th ere is a depend ence o n th e t\-pe of ins t r um ent 
used in bo th studi es. As shown b y H a lldin a nd Lindro th 
( 1992 ), a la rge \ 'ari a ti on can be ex pec ted by compa ring 
di ffe rent types of net rad iom e ter. 1 n the presen t wo rk , th e 
calcu lated ne t rad iat ion, i. e . the sum of th e indi vidu a l 
com pO ll en ts, is used . 

Cloud conditions 

As cloud condi (i o ns strongly in n uence radia ti vc n uxes a t 
th e surface, th e cloud obse rya ti o n is presented first. 
Beca use of th e indi vid ua l diffe re n ces in th e es tima ti o n and 
the illlerp re ta tion of cloud a m o un t a nd types , sys tema ti c 
erro rs in th e o bsen'ations a rc un a \'o id able (e .g . \ \' a rren 
a nd others, 1985) . The qua lity o f d a ta for low cloud is 
be ller th a n fo r middle a nd hi g h clouds, beca use th e 
o bse rnll ions were made a t g ro und level a nd so th e 
reco rdin g of midd le a nd hi gh clo uds was affec ted by th e 
a m oun t a nd frequ ency of low clo ud. 

T he mo nthl " a nd seasona l m ean \'alues of total, 10\\' -, 

midd le- a nd hi g h-cloud a m o unts a re pre-ented in T able 
I. The season a l trend shows a m ea n cO\'erage o f 50% in 
;Vlay, june a nd Jul y, a nd a stro n g increase in Aug ust. A 
la rge year-to-yea r difference occ urs fo r june, during 
\\'hi ch a 10 d p e ri od \I'ith d imi n ished cloud a m o unt was 
responsible fo r the small er \ 'alu e in June 1990 compa red 
to j Ull t' 199 1. Th e large to ta l-clo ud amount in Au gust is 
due to a stro ng increase in lo w-cloud a m o unt. Th e 
a m ount ofmidcl le clo ud was ba la ll ced durin g th e summ er 
months a nd th e amount of hi g h c loud dec reased sli ghtl y 
in Augus t. F o r the seasona l m ean U un e, Jul y, August), 
nea rl \' ha lf o f th e to ta l-clo ud a m ount ",as due to low 
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Table 1, M onthly and seasollal mean vallles oJ sk), covered ~) ' low, middle and high clouds and 10Lal (overage Jar Lite 
observation periods in 1990 and 1991, T he arerage value ( a v) is given Jar both ),ears al ET H Cam/J , I 'allies are gil'ell ill 
percenlage, JJA cones/Jonds 10 J une, J IlL;' and A. ugusl 

Ma} J une 
199 1 1990 199 1 av 1990 

T o ta l cove rage 50 38 60 49 57 
L ow c lo ud 20 10 22 16 17 
Middle cloud 13 15 22 18 19 
Hig h clo ud 17 13 16 15 2 1 

cl o ud a nd th e o th er h a lf res ul ted (i"o m equ a l a mou nts of 

middle a nd hi g h cl o ud, T o ta l-clo ud a m o ullls show no 

signifi cant diurn a l cycl e a nd th e va lu es a re in th e ra n ge 
55- 58% , On each level o ne cloud typ e is domin a nt. H a lf 

o f th e lo w clo ud is due to stra tus, v, hil e 70'Yo of th e middl e 

a nd hig h clo ud s a re a ltoc umulus tra nslucidus an d cirrus, 

res pec ti vcl y, 
Th e scaso na l freq u e n cy distri bu ti o n of th e tota l-cl o ud 

a m o unt is give n in Fig ure 3, Beca use o f th e way th a t 1/8 
a nd 7/8 are defin ed , fo r interpreta ti o n purposes 0/8 a nd 

1/8 a re considered as o nc g ro up (c lea r sky) , a nd 7/8 a nd 

8/8 as a no th er g ro up (m'ercas t sky) , Genera ll y, th e 
freque ncy di str ibuti o n shows a bim od a l fea ture w ith 

la rge va l ues for clea r- a nd o\'e rcas t-sk y co ndi Lions a nd 
sm a ll \ 'a lues fo r th e p a rti a ll y clo ud-co \ 'C red conditi o n s , 

The freq uency o f to ta l-cl o udl ess o bse rn lti ons is la rge in 

M a y a nd June a nd d ec reases stro ng l y in J ul v a nd Aug u st. 
Th e ove rcas t-sky conditi o n in A ug ust (60% ) is three 

tim es m o re tha n th e clo ud- free co nditi o n (20% ) , On 

ave rage, th e fr equ e n cy o r cl ea r a nd o \ 'e rcas t sky toge the r 

a pplies to nea rl y three-qua rters o f a ll th e cases, w ith 30% 
a nd 42%, res pec tive ly , 

;ft. 

c 
0 's 

D 
'C 
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30 r • JJi\90 0 JJi\91 rn JJi\90f91 I 
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25 
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10 

Total cloud amount eighths 

Fig, 3, easol7al freqllenC)I dislriblllioll oJ Ihe lolal-cloud 
amounl Jar Ihe slimmer mOllllts ( J une, J 1I0' , AlIgllS/: 
JJ11) ill 1990 and 1991 a/ ETI-J Cmll/J, 

Th e di stributi o n o f low, midd le and hig h clo ud s 

aga insL to ta l-clo ud a m o unt shows th a t hi g h clo ud s a re 

pred o mina nt fo r 1/8 to 5/8 to ta l-c lo ud a mount con
di tio ns, For 6/8 a nd 7/8, th e sky is cov('J"ed main ly by 
midd le clo uds , whil e m os t o f th e 8/8 cases a rc ca used by 
lo w clo ud s, The inc rease o f 8 /8 in Aug ust is ma inl y du e to 
low c lo ud s, Th e freque ncy o f cumulus decreases w ith 

J IIL;' AlIg lIsl JJ11 
199 1 av 1990 199 1 it \ ' 1990 199 1 a y 

46 52 60 79 70 52 62 57 
17 17 39 49 44 22 29 26 
12 16 15 19 17 16 18 17 
17 19 6 I I 9 1+ 15 I c~ 

increasing low-clo ud amo un t. S tratoc um u l us shows small 

\'a lu es fo r c lea r- and o\'e rcas t-sky cond iti o n s, while mo re 
th a n 80% o f 8/8 is du e to s tra tll s, Th r rr fo re, th e main 

reaso n (o r th e increase in low-c lo ud a mo unt in August is 

th e inc rease in ri-equ ency o f stra tu s, This increasr in th e 

a ppea ra n ce of stra tus a (lec ts no t onl v the a m o un t of lo \\' 

c loud bu t a lso the to ta l- c lo ud a mo un t. 

Sh ortwave fluxes 

Based o n 3069 ha lf-hourl y nl lu es, a n a \'C rage differell ce in 
d irec t so la r radi a ti on (Q m - Q ) of' 2,6± 7,2 \\ ' m 2 \\'as 

fo und, Th e d iITerr ll ce is sm a llcr th a n th e un ce rtainti es o f 

th e ca li bra ti o n coe Ol cients o f th e instrum e nts, Th erelo re, 

th e qu a li ty o f Q is co nsid e red as good a nd th e ca lcul a ted 

\',du es w ill be used in th e sect ions w hi c h fa 11 0 \1' to 

compare d a ta se ts fro m 1990 a nd 199 1, 
T he m o nthl y mean d iurn a l cycles a re g i\ 'e n in Fig ure 

+, Due to a \ 'e ry sunn y p e ri od in th e seco nd ha lf of J u ne 

1990, Q sh ows ext rem ely hi g h \'a lu es, Co mpa red \I 'ith 

1990, no ex te nded period o f large Q was fo und in 199 1, 
but the re \\'e re L\I'O periods, th e seco nd h a lf or June a nd 

th e second ha lf of Aug ust , w ith sma ll \'a lu es o f Q ca used 

by a la rge to ta l-cloud a m o un t (T a l)le I ) , This leads to 

monthl y m ean diurn a l cycles \I'hi ch sh o \l' th e la rges t 

va lues fo r Jul v a nd mu c h small er \'Lt/u es fo r J une a nd 
Aug ust com pa red to 1990 , 

Th e a tmos pheri c ex ti n c ti on of' Q sh o \\'s seaso n a I 
trends , Th e intensit y o f Q in 199 1 sho\\'s hi g hes t \'a lm's 

fo r \[ay and lower \ 'a lu es fo rJu ne. :\ ug us t a nd J ul\', Th e 

nl ri at io n ra nge o f th e n o rm a l in cid e nt d irec t so la r 
rad ia ti o n is rela ti\'e ly sm a ll a nd a mo unt s to 120 \\' m 2 

Ambac h ( 1963 ) sho\\'ed a smil a r max imum \'a lue fo r 

meas ure m e nts in June a nd Jul y 1959 a t Ca mp 1\' , a nd 
Am l)ach a nd i\f a rkl (1983 ) ga\'C' a va lue o f II '~ \\' m 2 a t 

70 o l' ze nith a ngle fo r C a rre fou r IFi g , I ) , Tt seems th a L 

th e inte nsit y of Q und er clea r-sky conditi o ns sho\\'s litt le 

sca tter o n th e G ree nla nd ice shee t. Th e transpa rency o f 

th e a tmosph ere \\'as ill\ 'es ti ga ted with respec t to the 

tra nsm issio n coe ffI cient fo r c lea r-SKY co nd i ti o ns, Th e 
tra nsmiss io n coe ffI cient ca lcul a ted re)r d ifIe re nt mo nths 

\'a ri es b e twee n 0,8 14 a nd 0 ,836, by w hi c h th e \'Ca r-t o

yea r \ 'a ri a ti o n is g reate r th a n th r \'a ri a ti o n durin g th e 
summ e r m o nth s, 

Undrr o\ 'C rcast a nd pa nl y cloudy co nd iti ons, Q is 

a rTc'C tcd b ) ' absorpti on a nd scat tering du c to c lo ud droplets, 

T hr a tte nu at ion of Q in th e presence of cloucls is an 

importa nt fac tor fo r the sho rt w3\'e net ra di a ti on a t thr 
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Fig , 4, M ean diumal C)lCles of diml solar, diffuse sky and global radiation eachJor J une, July and August 1990 and 1991 
at ETH Camj) , 

surface , T he dail y mean d irec t solar rad ia tion is analysed 
with res pect to daily m ea n to tal-cloud a mount and is 

presented in Figure 5, T o elimina tc th e effec t of sola r 

ele\'a tion, Q \"as norm a li zed by the cx trater res trial sola r 

rad ia ti on (1 ) , T he da il y d irect solar rad ia tio n is a bout 70% 
of d a il y extraterres tria l so la r radi a tion un d er clear-sky 
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condit ions a nd d ecreases sligh tl y to a to ta l-cloud a moulll of 

3/8, For up to 3/8 tota l-clo ud a m ount, the freq u ency of high 

clouds is la rge, while the freq uen cy of midd le a nd low clouds 

increases strong ly from 5/8 to 8 /8 of total-clo ud a mount. T his 
leads to la rge transmissivity und er less-covered sky and to 

low transm issivity for large r to ta l-cloud amo unts, 
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Fig , 5, Relationshij) belween daily total-cLoud amollnt and daily meall values oJ Ihe radiative fluxes Jor J une- August 1990 
and M ay-Augusl 199J al ETH Camp, Units: IV m 2 and ratioJor albedo, QJ I, q/CL and CL /I. 
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The monthly mean diurnal cyc les of diffu se sky 
radi a tion in 1990 show th e la rgest amplitud e for July 
(Fig. 4) . The mean diurn a l a mplitude for June shows 
smaller va lues for high sola r eleva tions compared to 
August. This fa ct res ults in similar monthl y m ean va lues 
as shown in T a ble 2. Under clea r-sky conditions, q 
d epend s m a inly on th e sca tte rin g of aerosols a nd 
molecul es, the absorpt ion in the atmosphere a nd on the 
a lbed o of the surface. ObseJ"va tions in 1991 show a strong 
d ecrease in diffu se sky ra di a tion ,·,-ith increasing zenith 
a ngle a nd a seaso nal d e pe ndency . The va lu es of q 
d ecrease from M ay to Jul y and increase sli g htl y in 
Aug ust. Thi s difference is proba bl y ca used by th e 
a tmosph eric and surface conditions as menti o ned ear
li er. Th e precipitable wa te r vapour in the atmosphere 
(W ) is sm a ll a nd increases from 2.9 kg m 2 in \lay to 

.) . 
6.0 kg m - 111 August. H o l m g ren (1971) ga \ -e val ues 
between 3.0 and 7.0 kg m 2 fo r th e same pe ri od a t I cc 
Cap Sta ti o n on Deyon I sla nd in th e Canadian Arcti c. 
Because of this , -a riation o f W , th e " a riation o f q under 
c lear-sky conditions due to water va pour is considered to 
be small. Th e at tenu a tin g- effec t of aeroso ls ca n be 
expressed by Angstrom's t~rbidity coe fTi cient. T o char
ac te rize the turbidity of th e a ir a t th e s tud y site, 
measuremen ts performed b y Am bach (1963) in June 
and Jul y 1959 a re take n into acco unt. A ngs trom's 
lUrbidi t)' coefIi cien ts, ad jus ted to sta tion h e ig h t, show 
d a il y mean va lues betwee n 0.010 a nd 0.027. Afte r 
Liljequi st (1956) and H o lm g- ren (1971 ), thi s \ 'a ri a tion of 
th e turbidit y coe fTi cient co rresponds to a \'arialion in q of 
II \\. m 2 at 50° ze nith ang le. At the present stud y site, 
th e va ri a tion of qat 50° zenith a ng le is three tim es larger. 
It seems that th e surface a lbed o and th e diurna l amp
litude of g loba l radiation a re m ainl y responsibl e for th e 
variation of q under clear-sky conditi ons. 

Und er overcast-sky and part ly clo ud-co\"e red sky 
condi tions, q is con tri bu ted to by reOec tions a nd diffu se 

K Ollzelmann and Ohmura : Energy baLance oJ Greenland ice sheet 

refrac tion at cloud droplets. Th e ra tio of dail y m ean 
diffuse-sky radi a tion a nd globa l radi a tion (qICL ) is g iven 
in Fig ure 5. The a m ount of q is stead y from 0/8 to 3/8 
tota l-cloud a mo unt , increases up to 8/8 a nd shows a 
m ax imum at 7/8. Th e la rge va ri a ti o n of q between 7/8 
and 8/8 is ma inl y due to the seaso n , while th e s trong 
sca t teri ng of po i n ts betwee n 3/8 a nd 7/8 d epends on cloud 
ty pes and on a lbedo of the lower side of th e clouds . The 
r e la ti on ql CL is 0.5 at a LOtal-cloud amo unt of a bout 2/3. 

During th e summ er mo nth s, g- Iobal radia tion is 
composed of 60% direc t so lar a nd 40% diffuse-sky 
r a di a ti on. Direc t so lar a nd diffuse-sky radi a tion show 
large , 'a riati ons (monthl y mean \'a lu es ) from yea r to yea r. 
whi le globa l a nd shortwave refl ec ted rad ia ti on vary less 
(T a ble 2). The d ec rease in Q due to increasing cloud 
amoulll is partly compensa ted for by q. The percentage of 
co mpensa tion in creases not onl )' because of la rge r LOtal
cloud amount but a lso du e to hi g- h surface a lbedo a nd 
c ha nging cloud di s tributions. The frequency ofl o", cl ouds 
in creases with in c reasing to ta l- c lo ud a mount. of which 
th e stra tus-cloud ty pe is th e most dominant. Th e e ffec t of 
d a il y tota l-cloud a m o unt on th e d a il y ratio CLI I is g ive n 
in Fig ure 5. Th e effec t of lat i tud e a nd decl ina ti o n is 
eliminated in CL I I. The increase of sca ttering for the 
in c reasing to ta l-cloud amount d epe nds 011 cloud types 
a nd the dail y cou rse of cloudin ess. Tha t mea n s, for 
ins ta nce, a strong increase of total-c loud amount in th e 
ea rl y afternoon , which leads LO a n und eres timation of CL 
a nd CLI I co mp a red to tot a l- c lo ud a mount. Th e 
influcnce of tota l- c lo ud a lll ou nt a nd c loud types lead s to 
a \'a ri a tion in CL I I fi-olll 61 to 74·%, with an a \-e rage of 
about 70% for the sUlllmer monlhs (T a bl e 2). Thus, for 
parameterization o f CL , it is ad"isab lc to take cloud types 
(es pec ia ll y for low clouds) into accou nt if' hi g h-qu a lity 
cloud data are avai lable . The seaso na l global rad iatio n is 
4% small er in 199 1 th a n in 1990 and the lac k of Q in 199 1 
is a lmost compensa ted for by q. 

T able 2. Radialive}luYes observed at ETH CamjJ ( 69°34'. \ ', 49° /7' W , 1155I11a .s.L.) olllhe Crem/alld ice sheet. J: 
extraterrestriaL solar radiation, a ( g) : albedo at groul/d LeveL, a ( I ) : albedo ji-om Ihe lower. T he nll1nber ill brackets 
represents the number of d~Jls when tlte observation was made. The average oJ 1990 and 1991 values is gi z'eI/ ill columl/ 
( av) . J J A corresjJo7lc!s 10 June, ]u Ll! and A llgusl. Unit: JII m 2 

.'vl a,.JI ]ul/e ] uL)1 AuguSI ]];1 
1991 1990 199 1 av 1990 1991 a,' 1990 199 1 a,' 1990 199 1 av 

(21 ) (22 ) (28 ) (28) (31 ) (28 ) (27 ) (78 ) (86) 

I 408 486 450 327 42 1 
Q 205 285 183 234 195 214 204- 106 68 87 195 155 175 
q 121 96 154 125 11 5 108 11 2 95 129 112 102 130 11 6 
CL 326 38 1 337 359 3 10 322 316 20 1 197 199 29 7 285 29 1 
a CL (g) - 280 - 282 - 259 - 27 1 - 214 - 239 - 227 - 151 - 166 158 2 15 22 1 218 
a gl (t) - 277 - 282 258 270 - 215 - 237 - 226 - 145 - 161 153 2 14 219 - 2 19 
a(g) 0.859 0.740 0.769 0.755 0.690 0. 742 0.71 8 0.75 1 0.843 0.794 0.724 0.775 0.749 
a(t) 0.846 0.740 0.766 0.752 0.694 0.736 0.71 5 0.72 1 0.817 0.769 0.72 1 0.768 0.742 
L ; 219 239 260 248 257 256 257 258 268 263 250 26 1 256 
Lo - 266 304 307 - 306 - 308 - 310 - 309 - 302 297 300 305 304 - 305 
SH!nct 46 99 78 88 96 83 89 50 3 1 41 82 64 73 
LWnet -47 - 69 -47 - 58 - 5 1 - 54 - 52 - 44 - 29 - 37 55 43 - 49 
N R(" - I 30 31 30 45 29 37 6 2 4 27 21 24 
CLI I 0.799 0.784 0.693 0.739 0.689 0.716 0.702 0.615 0.602 0.609 0.706 0.677 0.69 1 
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Shortwave re fl ec ted radi a tion d epends on GL a nd th e 
reflec tivity (a lbedo ) of th e surface. At th e prese nt site, 
a.GL was measured a t ground leve l (stand ard he ig ht) a nd 
from th e tower (27 m heig h t ) in order to represe11l a 
la rger observa tion area. Th e influen ces of the a luminium 
tower and th e camp on meas urements a re minim al 
« 0.5% ) a nd w ill be neglec ted. Albedo is composed of 
a diffuse a nd a specul a r component. It is influ enced 
mainl y by th e properti es of th e su rface , th e solar e leva ti on 
a nd the cloud conditions, a nd shows a spectra l d epen
dency fo r snow and ice (Wa rren , 1982 ). During th e fi eld 
seasons, surface conditions changed from wet snow to 
bare ice a nd fresh snow in 1990 a nd from dry snow to wet 
snow, sa tu ra ted snow, slush a nd fr es h snow in 1991 . Due 
to these surface properti es, th e varia ti on of th e dai ly mean 
a lbedo ra nged from 0.50 to 0.89 in 1990 a nd fi'om 0.66 to 

0.92 in 199 1, resp ecti vely. The mea n seasonal a lbedo is 
centred abo ut 0.75 (T a bl e 2) . The month ly diurna l cycl es 
o f a lbed o show sm a ll ranges (2~7% ) with a slight inc rease 

from morning to afte rn oo n (Fig. 6) . Beca use of sma ll 
amounts of shortwave radi a tive flu xes a nd th e lower 
accuracy of g lobal radiation m ea surements for a large 
zenith a ngle (Z ) , th e diurnal cycle of albedo is on ly 
considered fo r Z < 70° During bo th yea rs, dail y mean 
a l bedo a t g ro und leve l and from the towe r show simila r 
\alues for June a nd Jul y. For Aug ust 1990- 9 1 a nd M ay 
199 1, d a il y mean a lbedo \'a lues from th e tower a r e up to 
6% lower. This indi ca tes th e influ ence of surface 
topogra ph y (sastruga ) and so lar e leva ti on on shortwave 
refl ected rad ia tion from a reas with different sizes. For 
remote-sensing a ppli ca tions, shortwave refl ec ted ra di a t
ion measurem ents from th e hig h tower fo r pre- and post
m elt seasons a r e more meaningful in order to prevent th e 
influ ence of th e va rious facto rs mentioned a bove . Beca use 
of th e hi g h albedo, short wave refl ec ted radiation is 
g rea ter in 199 1, a lthough glo bal radi ation is smaller. 

Under clear-sky conditi ons, th e features of th e diurnal 
cycle show a wide variati on . Five diurnal cycles for clea r-
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sk y conditions in 1991 a re shown in Figu re 7. The range is 
gen e ra ll y very sm a ll (3- 8% ). Except for 14 M ay (dry 
snow) , meas urements were mad e a bove wet snow, th e 
sa tura ted snow layer or slush. T o e liminate un certa inties 
of th e up-facing p y r a nom eter und er a lower so lar 
eleva ti o n, th e diurna l cycle of a lbedo was calculated 
with respect to th e sum of Qm a nd q using th e 199 1 d a ta 
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Fig. 7. Diurnal cycles of albedo at ground level under 
cLear-sky wnditions JOT different days in 1991 . Only values 
of ;::enitlz angle less than 70° are considered. 

(Fig. 8 ) . The natu re of the curves is similar. Therefore, no 
influ e n ce of CL measured by pyra nometer on a lbedo can 
be d e monstrated conclusively. In th e same figure, th e 
diurn a l cycle of a lbed o from the tower is given. During 
th e d ay , albedo a t th e tower is a littl e smaller or equ a l to 
the a lbedo a t ground level but it inc r eases strongly after 
1630 h LST. This higher reflecti vity in the afternoon for a 
large a rea und er clear-sky conditions indica tes a slig ht 
inc rease in actual g lobal radiation received on th e slo pe of 
the surface, which fall s gently to th e wes t. 

Two main groups must be disting uish ed for th e effec t 
of tota l-cloud amoun t on dail y mean a lbedo (Fig. 5 ) : ( 1) 

-- June - ~ July . . . .. . . Augu~l 

t3 W rerle c led /-
radiali on 7 ... ,.~ 
1991 I' ,'., .... '\ 

I' ,' .. , . 

I I I , , I I I 
- Albed o 199 1 

0 
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1091 / 
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Loca l Standard Tim e 

Fig. 6. A1ean diurnal cycLes oJ sllOrtwave (SW) reflected radiation, albedo at ground level and slzortwave net radiation, 
eacltJor J une, j uly and August 1990 and 1991 at ETH Camj} . 
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Fig . 8. Diurnal cycles of albedo at ground level,Jrom the 
tower and at ground level (calculated as the sum of Qrn 
and q) under clear-sky conditionsfor 15 J une 1991. Notice 
the different scales oJ Ihe axis than given in Figure 7. 

dry snow a nd (2) we t snow . The first g roup shows a d ail y 
mean of 0 .85 up to a to ta l-cloud a m ount of 5/8 a nd 
in creases sli ghtl y to a bout 0. 91 for 8/8 . Th e second group 
shows valu es between 0.70 and 0 .77 up to 5/8 and a n 
increase of 5% up to 8 /8 to ta l-cloud a m o unt. Dail y mean 
va lu es o f a lbedo of less than 0. 65 a re obta in ed a bove ice 
surfaces a nd show no d epend ency on tota l-cloud amoun t. 
The hig her refl ec tivit y of the snow cover under overcas t 
co nditio ns in compa rison with clear-sky conditions is 
ma inl y due to altera ti o n of th e spec tra l intensity ofGL by 
increasing amounts of wa ter dropl ets a nd wa ter va pour. 

The monthl y mea n diurna l cycles o f shortwave ne t 
radia ti o n (SWnct ) fo r June a nd July 1990 show simil a r 
a mplitud es whi ch indi ca tes th at th e mu ch la rger GL in 
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June is compensa ted for by the lower albedo inJul y (Fig. 
6) , In 199 1, th e seasona l m ea n reaches 78% of the 
a mount from 1990 whi ch is due to smaller CL a nd higher 
a lbedo in 199 1. The effec t o f to ta l-cloud a m ount on da il y 
shortwave net r adia ti on is sh own in Figure 5 , As for th e 
albedo, two gro ups are disting uished for dry- a nd we L
snow conditio ns_ For dry snow, SWnet is aro und 55 \V m 2 

up to 5 /8, w hi c h corres ponds to half the a mo unt fo und [or 
wet-snow conditions. From 5 /8 to 8/8, SWnet d ecreases by 
50%, Fo r we t snow, SWnct d ec reases slightl y ii-om 0/8 to 

4/8 and drops by a bout 50 % to 8/8 total-clo ud a mo unt. 

Longwave fluxes 

The longwave incoming radia tion derived fro m instrum
em s was compa red with th e values calculated using 
LOWTRAN 7, a band mod el (Kneizys a nd o th e rs, 1988), 
given in K o nze lma nn and o th ers (1994) , F o r clear-sky 
conditions, m eas urements a re on ave rage la rger th an 
LOWTRAN 7 ca lcula ti o ns b y 10 ± 4 W m 2 H owever, 
differences be twee n measure men ts a nd calcula ti o ns a re to 
be viewed w ith cauti on because of th e un ce rt a inti es of 
both me th od s, Ca lcul a tions with LOWTRAi'\7 a re useful 
for checking instanta neous m easure ments of L i under 
clear-sky conditions, Es pec ia ll y due to the freque nt cloud 
cO\-e rs a nd com plexi ti es ca used by th em , con ti n uous 
measurem ents cannot be replaced by com pu ta ti ons, 

L i shows monthl y mean diurnal cycles with small 
va ri a ti ons (Fi g , 9) , Different fea tures in Jul y a nd August 
1990 can be ex pla in ed by th e va rying [req uency of 
occ urrence o f low, middle a nd high clouds, a nd a lterin g 
diu rnal cycles o f cloudiness , In 199 1, va lues for June show 

-- June - - Ju ly .--- --- lI ug u s L 

LW Incoming radlaLlo n 199 I 

-----------.",,-.-.~.--.--..,'-.--/.-.'--.--, 
~/-~.".~ ---....... -

- LW ouLgol n g r ad i a Ll oll 199 1 

LW n e l r a diali o n 199 1 

Nel ro d iali o n 
199 1 ~ 

'<:! - ---

4 8 12 16 20 24 

Loca l S La nd a r d Tim e 

Fig , 9, iII/ean diurnaL (ycles oJ lOllgwave ( L W ) incoming radiation, IOl7gwave outgoiJlg radiation , long1l'(/ ve net radiation 
and net radiation, each Jor J une, J uly and August 1990 and 1991 at E TH Camp . 
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a la rger amplitud e and two peaks, one in the mo rning 
and th e oth er in th e la te afternoon. This is proba bl y due 
to a la rger cloud amount. The mon thl y mean values fo r 
199 1 are more balanced compared to 1990 and the 
seasonal mean is 4% la rger than in 1990 (T a ble 2) . The 
monthly to tal-cloud amount for the summer months 
(T a ble I ) is in good agreement w ith th e monthl y 
longwave incoming radi a ti on but L; does not a lways 
corresp ond to th e mon thl y m ean diurn a l cycles as 
sugges ted by the screen-level tempera ture (Ohmura a nd 
others, 1992 b, p . 19 ) . It seems th a t L; has a be tter 
correla tion with clo ud conditions th an with a ir temper
a ture. Th e va ri a tions in d a il y cloud conditions (a mo unt 
and type) should be taken into account by ca lcula ting Li 
with numerical mod els . For a total-clo ud amount of up to 

3/8, the Li is centred around 230 W m - 2 (Fig. 5). From 
3/8 to ove rcas t conditi ons, L; increases strongly and shows 
values close to 300 \IV m 2 a t 8/8 to ta l-cloud amou n t. 

Snow and ice surfaces in a melting condition were 
pred ominant a t the stud y site . T he stead y tempera ture of 
O°C offered an opportunity to check th e measurements, as 
it is done for a bsolute ca libra ti on ove r a n ice- wa ter surface . 
Longwave outgoing radia tion shows generally ve ry smoo th 
cycles with small amplitudes . The mean diurnal cycl e fo r 
1990 (Fig. 9) shows th e la rgest am pli tud e (15 W m 2) with 
a minimum a t 0600 h LST and a maximum a t 1800 h LST. 
Th ese co rrespond to a time lag of I h compared to th e 
mean diurnal \'ariation of air te mpera ture a t sc reen leve l, 
with air temperature ah ead of the phase. InJune 199 1, th e 
mean diurna l cycle is simil a r to July a nd more dampened 
compa red to Jun e 1990, because of th e small er ampli tude 
of the air temperature. The month-to-mon th varia tion is 
larger in 199 1 than in 1990 but th e seasonal mean is the 
same (T a ble 2). E xce pt for the pre-melt season, th ere is no 
conclusive cvidence th a t cloud conditions influence Lo 
(Fig. 5). 

Based on half-hourl y valu es [o r th e period M ay
August 199 1, th e surface tempera tu re was ca lcula ted fro m 
Lo. This peri od was chosen because o[ th e la rge r ra nge of 
values and more accurate screen-leve l air- temperature 
m eas urements due to ven tila tion . T h e difference betwee n 
sc reen-l eve l a ir tempera ture and th erm a l radi a ti on fro m 
the surface vari es fo r individual months. :viay shows the 
largest tempera ture difference (2.89 ± 1.47°C) which is 
due to a strong increase in a ir temperature in the second 
ha lf of the month and to the cooling of the snow surface 
by the und erl ying co ld snow layers. Jun e and Aug ust 
show much sma ll er tempera ture differences, 1.44 ± 1.09 
and 1.44± 1.08°C, res pec tively . For bo th months, th e 
monthly mean a ir temperature is below O°C and th e 
su rface (snow or sI ush ) is mel ti ng. T he signifi can tly la rger 
value for July ( I. 77 ± 1. 03°C) is caused by a much high er 
air tempera ture. D a il y mean longwave outgoing ra d
ia tion can be parameterized by using the screen-level a ir 
temperature. Based on d aily mean values fro m Summit 
(Fig . I ) and ETH Camp, the relationshi p between Lo a nd 
screen-level temperature ( T,~ ) was calcula ted . The linea r 
regression shows a co rrelation coefIicienL of 0.983 . F or 
Ta < 1. 7°C, Lo ca n be expressed as 

Lo = 4.5667Ta + 308 .14 (5) 

by which Lo is give n in W m 2 and T,~ in 0c. A value of 
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3 l6 Wm 2 for Lo (mel ting surface) can b e expected for 
Ta> I. 7°C . Observa tion s from the pre- to post-melt 
seasons indicate th a t th e tempera tu re gr adient near the 
surface increases for high er a lti tud es a t th e same time. 

Beca u se of th e lowe r a tm osph eri c tem pe ra ture 
compa red to the surface tempera ture, longwave net 
radi a ti on (L VlI;let ) is mostly negative during the summer 
months, indicating the en ergy loss at the surface . Due to 
th e stead y values of Lo during the melt season, LWnet is 
strongly cha racteri zed by L ;. Therefore, L Wnf't depends 
mainl y on total-cloud am o unt and cloud types . During 
th e pre-mel t season L; is sm a ller compared to the melting 
season, w hile Lo (due to the low snow tempera ture) is 
m uch sm a ll er. This leads to an amoun t of L Wnet which is 
la rger compared to th e m elting season. The la rges t 
amoun ts o f LWnet can b e expected during th e pos t-melt 
season due to greater Li (clo ud conditions) a nd minima l 
Lo (tempera ture a t th e su rface < OOe ). 

Th e m ean diurna l cycle of LvVnet fo r June 1990 shows 
a decrease in th e late a fternoon beca use of Lo (Fig. 9) . 
Th e mon thl y mean longwave net radia tion increases from 
June to August because of increasing tota l-cloud amount 
and a sm a ller amount of L o in August (T a ble 2). In 199 1, 
th e fea tures of monthl y m ean diurnal cycles a re similar to 
those of L i . Beca use of the sm a ller Lo in Au gust, the leve l 
of the diurna l cycle of LWnct is la rge r. Jul y shows the 
smalles t m on thly mean valu e, whil e the value for August 
is m uch la rger. This is ca used by the high er tota l-cloud 
amount and the lower surface tem perature in August. For 
a to ta l-clo ud amount of up to 3/8, the d a il y mean 
longwave net radia tion is centred a round - 70 \IV m 2 (Fig. 
5) a nd in creases stro n g ly fo r ove rcast co nditi ons 
(- IOW m 2). 

R adia tion b a lan ce 

T he poss i ble underes tima tion of net radiation , men ti oned 
earlier, lead s to a large rel a tive error a t loca ti ons with 
high surface refl ectivities . During the ma in melt peri od 
U une, J ul y) at ET H Camp, the differences between net 
radi a ti on d eri ved by th e two different me thods, in terms 
of mel t r a te, corres ponds to a bout 350 m m w.e. This 
amount of difference canno t be ignored , as it is eC] uivalent 
to th e mean annual acc umul a ti on of Greenl a nd (Ohmura 
and R eeh , 199 1). 

At the present site near the mean ELA, a n energy gain 
at the surface due to radia ti ve flu xes can be expected from 
la te M a y to mid-August, w hil e during the pre-mel t season 
(in M ay) the amount of net radia tion is centred around 
zero W m- 2

. The monthly mean diurna l cycles for 1990 
(Fig. 9) sh ow the high es t val ues for July during the 
daytime and the highes t values for August during the 
" night-tim e" . These features indica te that net radi a tion 
depends m a inly on declina tion (global radia tion), refl ec t
ivity of the surface and clo ud conditions. T h e monthl y 
mean ne t radia ti on increases from June to July by 50% 
and dec reases strongly in August bu t i t retains a positi ve 
value. In July 199 1, the largest net radia tion values a re 
found during the daytime a nd the small est values are 
found dur ing the " nigh t", while the situ a tion for August 
is reversed. Th e monthl y m ean net radia ti on is be low 
zero W m- 2 in M ay (T a ble 2), peaks at a simil ar amount 
fo r June a nd Jul y, and d ecreases to a value close to 
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ze ro Wm 2 in August. K e t radiation in J une 1990 a nd 
Ju ne 199 1 are si milar. This indica tes th a t th e smaller 
amount of 5Wnrt in 199 1 (beca use of a lac k of CL ) is 
com pensa ted for by th e increase in tota l- cloud a mount. 
The sm a ll e r amount of ne t radiatio n in Jul y 1991 is 
mainl y due to th e hi gher a lbedo in 199 1. In August 1991, 
the sm a ll e r 5vVnC't (because of the higher a lbedo) is a lmost 
compensated for by the la rge r cloud amount and lower 
surface ternIJerature. The seasonal mean n e t rad iation is 
more than 20% smalle r in 199 1 than in 1990 and shows 
a n abso lu te difference of 6 \\' m 2 Th e la rger value for 
1990 can be exp la ined by th e greate r amoun t of CL and 
lowe r a lbedo in 1990 , wh ich cou ld not be com pletely 
compensa ted for by the greater cloud amO Ul1l in 1991. 

The effec t of LOtal-cloud amo unt o n d a il v mean net 
radiat ion is shown in Figu r e 5 . T o eli m ina te the effec t o f 
d ec lin at ion a nd a lb edo , n e t radiat ion is ana lyse d 
sepa rate ly fo r M ay (dr y snow ), Jun e Jul y (wet snow) 
and Augus t (dry snow) . Th e decrease o f 511\1n('t due to 

in creas ing cloud amount is compen. ated for by a n 
increase in LWn('l for dry-snow conditi o ns in !I.fa y. The 
mean a lbedo for M ay is hi g h (85% ) a nd the dis tributio n 
of low, middle and high cloud amounts is uniform (Table 

I ) . In Jun e- Jul y, daily mean a lbedo sh olVs va lu es 
between 50 a nd 91 % with a n a \·e rage o f 74% . D a il v 
net rad ia ti on increases ver y sli ghtl y but it is no t sig 
nifi ca nt, a t a ra te of < 0.8Wm 2 with a 1/8 increase o f 
cloud a m ount. This indicates th a t LWnCl is a ble LO 
com pensa te for the dec rease of 511VllC't du e to in creasi ng 
cloud a m o unt. For dry-snow conditi o ns in August, d a ily 
mean a lbed o is mos rl y be twee n 75 and 90% with a n 
ave rage of 84% . D a il y net rad ia ti on shows a weak trend 
toward inc rease from c lea r-sky LO o\·e rcas t-sky conditi ons. 
The diffe rence between fil a)' a nd August co uld be due to 
different c lo ud schemes wh ich show mu ch more low cloud 
of th e strat us type in August th a n in ~lay. For dry-snow 
cond.itio ns a t Carrefo ur, Ambac h ( 1974) showed an 
inc rease in net radi a tion of abo ut 23 \ V m 2 from 0/8 LO 

8/8, w hil e at ETH Camp th e va lu es of ne t rad ia tion are 
more o r less steady. At Camp rv , Ambach ( 1977 ) 
observed an increase in ne t rad iat ion of abo ut 27 \V m 2 

from clear-sky to overcas t conditions fo r davs with a n 
a lbed o > 70%. This relation , in whic h net radiati o n 
increa es with increasing cloud amount for an a lbedo 
> 75% (Ambach, 1974) , could not be fo und in th e sa m e 
ord er o f m ag nitud e at th e prese nt slLld y site. This 
disc repa ncy co uld be caused by a poss ibl e und eres
timati o n o f net radia tion (see a bove) m eas ured by using 
th e unshaded meth od o r b y different cloud schem es 
(types ) a t th e vari ous locations. 

Com.paris on with other locations 

To put th e measurem e nts of radi a tive n uxes at ETH 
Camp in a la rger perspecti ve, a com pa ri son with results 
from o th er locations (Fig . 1) o n th e Green la nd ice shee t is 
made. As a contribution to the Greenland I cecore Projec t 
(GRIP), a European Scie ntifi c Foundat io n programm e 
wit h e ig ht na ti ons co llabo ra ting to drill through th e 
cen tra l Green land ice sheet, rad ia ti ve-fl ux measuremen ts 
a nd syno pti c obse rva ti o ns were made a t Summit (pe r
sona l communica tion fmm A. Abe-Ouc hi ) . The ea rli e r 
wo rks a re eon\Trted to WRR (Frbh li eh a nd Lond o n , 

KOIl<.eimallll and Olunum : Energy balance of Greenland ice sheet 

1986). Since Ambaeh ( 1963, 1977 ), at Camp IV, a nd 
Ambach and M a rkl (1983 ), at Carrefour. used a valu e for 
Stefan- Boltzmann's cons tant that was 1.25% la rger than 
the currentl y accepted \·a lue ( = 5.67x 10 B\\' m 2K +), 
their longwa\·e rad ia ti ve-nu x m easu rements were d i\·ided 
by a facLO r of 1. 0125. In additi o n , it must be m enti oned 
that ETH Camp was the on ly location where longwave 
incoming, longwave net a nd ne t radi a tion were obta in ed 
with shad ed radiometers. Th e refo re, a syste m atic differ
ence du e LO the different methods of measure men t cannot 
be excl ud ed. 

C loud obser va tions from other locatio n s on the 
Green la nd ice sh ee t are ve ry rare . At Summit, the LOtal
c loud a m o un t in June 199 1 was a li ule large r than a t 
ETH Ca mp but th e values are based on on ly three 
observat ions a day . E . A. C. H en neken (personal com
municatio n ) has g ive n a va lu e o f sky cove red by clouds of 
49% fo r Jul y 199 1 a t Gim ex-FUA , an ice-shee t station 
( 1520 m a.s .I. ) , wh ich is sli g htl y la rger th a n a t ETH 
Camp. At G i m ex-I MA U (O C' rl e m a ns a nd V ug ts, 1993 ), a 

station close LO the ice margin, the trend fo r June a ndJul ), 
199 1 is simil a r but th e a mo unt is a lilll c less tha n gi\·en in 
this stud y. The obsen·at ions at various loca tions sho\\· a 
sli ght inc rease in LOta l-cloud co\·er from coast to summit 
forJune 199 1 (Gimex-IM AU: 58 % ; ETH Camp: 60%; 

ummit: 65% ) a nd th e same trend fOl' Jul y 199 1 (Gimex
It\lAU: 4 1 %; ETH Camp: 4·6%; G im ex-FUA: 50% ). 
The res ults from va rious loca ti o ns a re close to eac h other 
a nd th e uncen a illl Y is la rge beca use of a small d ata base 
a nd differe nt o bse l"\·e rs. obse rving il1len ·als, locations a nd 
tim e-sca les. Th erefore. no de finit e conclusio n about the 
geograp hi ca l distr ibut ion of the total-cloud a m o unt on 
the Green la nd ice shee t can be p ro\· id ed but the 
obsen ·a ti ons arc helpfu l to inte rpre t rad ia ti\"C nuxes. 

Globa l rad ia ti on is th e most com mo nl y m easured 

component of the radi a ti o n ba lance. CLI I and th e rat io 
of" minimum and max imal CL a re co nsid e red for 
com pa rin g d a i I y mea n n d ues fo r va ri o us stud y si tes 
(Fig. I; T a bl e 3 ) . Values a re g i\ ·en fo rJun e and Jul y but 
th ey a re based on measureme nts fo r difTe rent yea rs a nd 

numbers of days . The rat io CLlIJiIl / CLIII:tx inc reases with 
increasing c1e\·ation and shows a much hig he r \ ·a lue at 
Summ it (3230 m a.s. l. ) than a t G im ex-I;"[AU a t th e ice 
margin . Th e range of va ri a ti o n of CL II is small at 
Summ it a nd increases with dec reas ing eleva ti o n , wh ile 
the a\·erages o f th e ratio CL I I show no significant trend. 
This fea ture can be exp la in ed b y th e ex iste n ce of low 
c loud s (es pec ia ll y of th e stra tus type) close to th e ice 
ma rgin . 

Genera ll y, C L increases from 60 0 LO 70 0 K , rem a ins 
stead y furth e r LO the north an d increases fro m th e ice 
margin to th e ice shee t. In Jun e, CL at th e ice ma rgin 
increases from th e so uth to the Arctic Circ le fmm abo ut 
200 \\. m 2 a t .'\ordbogle tsc her LO abo ut 260 \\' m 2 a t 

Qamanarssup (Bra ithwaite and O lesen. 1985 ) and a t 
Gimex- IMAU. Around 70 0 N , th e <lmOUIll of CL is 330 
360 \\' m 2 Th e yea r-to-year va ri a ti on for Jun e was la rge 
a t ETH Camp with 38 1 VV m 2 in 1990 and 337 \\' m 2 in 

199 1. The va l ue [or 199 1 acco rds wi th sim u l taneous 
measureme nts a t Summit w hi c h show 357 \ V m 2 The 
\·a l ue obtai ned a t Carrefo u r (362 v\ ' m 2; 1850 m a. s.l. ) 

ap pea rs reasona ble consid e rin g the \·ar ia bilit y of CL 
obsen·ed in Jun e a t ETH Camp. At the G imex tra nsect 
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T able 3. Comparison oJ the ratio global to e,\lraterrestrial solar radiation CL I I (range 
and average) and the ratio oJ minimum and maximal CL Jor various study sites on the 
Greenland ice sheet referred 10 in the text. Data are based on daily mean values Jor June and 
J uly. The number in brackets represents the number oJ days taken into account 

Location 

Summit (GRIP) 
Site TT 
C"drrefour 
Gimex-FUA 
ETH Camp 
Camp IV 
Gimex-IMAU 

M onth 

Jun e (17) 
Jul y (26) 

Jun e, Jul y (57 ) 
July (27 ) 

June, July (109) 
June, July (61 ) 
June, Jul y (52) 

(aro und 67" N) GL is 283 W m-2 in July a t the ice m a rgin 
a nd 320 \V m 2 a t th e ELA. This value is th e same as the 
obse rva ti on a t ETH Camp in the same year. M eas
urem ents a t Camp IV show small er values ofGL for June 
a nd Jul y compared to th e very close ETH Camp site, 
where to tal-cloud amount fOl" June is sm a ller in 1990 a nd 
grea ter in 1991. In Jul y, tota l-cloud a mount is smaller in 
bo th yea rs a t ETH Ca mp but GL is much larger a t ETH 
Camp (3 16 Wm 2) th an a t Ca mp TV (279\1\1 m 2). 
Co mpa ring th e resul ts from va ri ous loca ti ons close to 

the ELA, the amount ofGL obse rved a t Camp IV seems 
to be at the lower limil. Therefore, a n amount be tween 
320 a nd 360 \\' m 2 can be ex pec ted for June and July in 
th e acc umul a tion a rea betwee n 6r a nd 72° X. Further 
north , CL decreases sligh tly in July to a bout 320 W m- 2 

con idering site II (Diamond a nd G erdel , 1958) a nd 
Kro nprins Christia n Land (K C L ) in eastern no rth 
Gree nla nd (Konzelm ann and Bra ith waite, 1995) . M ea
surem ents of GL in August a re fa irl y ra re. The yea r-to
yea r vari a ti on a t ETH Camp is sli g ht a nd th e amount o[ 
g loba l radi a ti on (a bout 200 W m 2) is similar to the 
obse rva ti ons a t th e I ce Cap Station on Devon Isla nd. 

Albed o values [o r various stud y sites a re given in 
T a ble 4. For June a nd July, th e a lbed o seems stead y a t 
th e lower abla tion a rea (Gim ex-IMAu; 341 m a .s. I. ), 
whil e th e albedo d ec reases strongly in th e upper abla ti on 
a rea (Ca mp IV ; 1004 m a.s. l. ) during th e same months. 

GLI I GLII C LlI1in I G Lma;x 
R ange Average 

0.6 1- 0.80 0.71 0.76 
0.52- 0.90 0.69 0.54 
0.57- 0.89 0. 76 0.6 1 
0.43- 0.84 0.72 0.47 
0.28- 0.84 0. 72 0.28 
0.29- 0.80 0.64 0.38 
0.1 9- 0.7 3 0. 58 0. 25 

Nea r the ELA (ETH Camp), th e a lbedo is much higher 
in Jun e a nd increases a t Ca rrefour and Summil. Fro m 
June to Jul y, the albed o d ec reases more a t C amp IV th an 
a t ETH Camp and a t Carrefour. Around the Arctic 
Circle a nd near th e ELA (Gimex-FU A ; H enneken and 
others, 1994), the a lbed o is simil ar to th e observa ti ons a t 
ETH C a mp. In the dry-snow zone (site II; 2128 m a.s.I. ), 
the a lbed o is large r th a n a t Carrefour which is loca ted in 
the percola tion zo ne. For August, onl y m easurements a t 
ETH C a mp a re ava il a b le, which show large r values 
compared to June and Jul y due to th e beginning of th e 
accumula tion season. Tt is obvious th a t the beginning of 
the accumulation season in mid-Au gust ""ill be respon
sible [o r increasing the a lbedo much more in the abla ti on 
th an in th e acc umula ti on a rea. \Ieasurem ents nea r the 
ELA on the ice cap of D evo n Island show a seasonallrend 
simila r to th a t obta ined a t ETH Camp but with a tim e 
lag of I month. At ETH Camp, the albedo dec reases by 
0.1 4 from M ay to Jul y a nd increases strong ly in August, 
whereas a t Ice Cap Sta ti on there is also a drop of a lbedo 
from June to Jul y and a n increase in Aug ust. In genera l, 
the a l bed o for June and Jul y is lower than 0.60 in th e 
ablation a rea, a drop to 0.70- 0.75 a round the ELA 
(beca use o[ the longer dura tion of th e snow cO\'e r) , 
reaches 0.80-0. 85 in th e percolat ion zone a nd 0.85- 0.90 
in the dry-snow zone. According to H olmg ren (197 1), th e 
albed o a t the ELA fa r north is a little high er (0.0 1 0.03 ) 

T able 4. Comparison qf monthly mean values oJ albedo Jar various study sites referred 10 in 
the texl. T he number in brackets represents the number of days taken into account 

500 

Location 

Summit (G RIP) 
Site Il 
Carrefour 
Gimex-FU A 
ETH Camp 
Ca mp IV 
Gimex-IMA U 
Ice Cap Sta ti on 

0.80 (17) 

0.86 (2 1) 

0.88 (11 ) 

J une 

0.9 1 (17) 

0.83 (30) 

0. 76 (50) 
0.63 (30) 
0.56 (2 1) 
0.86 (30) 

0.86 (26) 
0. 80 (27) 
0. 70 (27 ) 
0. 72 (59) 
0. 50 (3 1) 
0.55 (3 1) 
0.75 (3 1) 

August 

0.79 (55 ) 

0.8 1 (3 1) 

https://doi.org/10.3189/S0022143000034833 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034833


in M ay, Jul y a nd August, but mu ch higher (0 .10) inJune 
compa red to ETH Camp. Albed o obse rved in Jul y a t the 
ELA increases from Gimex-FUA to ETH Camp a nd to 
Ice Cap Sta ti on. 

IVleas urem ents of longwave radi a ti ve Ouxes a re very 
ra re a nd were made onl y a t Camp IV, C arrefour, 
Summit and ETH Camp. LWnet is trea ted as residual 
(LWnct = NR - SWned at Gim ex-FUA a nd site II . In 
the perco la tion and dry-snow zo ne, LWncL is be tween - 33 
a nd - 45 W m 2 in June and July. At Camp IV , LvVnet is 
in the same ra nge, while th e va lues at ETH C amp a re 
a bout - 55 \V m 2 I f Lo a t Ca mp IV we re recalcula ted 
using Equa tion (4), the \·a lu e of LWnet wo uld d ec rease by 
7 IvV m 2 and th e discrepancy in th e LWnct would diminish 
g rea tl y. LWnet obta in ed o ri g in a ll y a t Gim ex-Fli A 
(-72 W m 2) is 20 W m 2 sma ll er than at ETH Camp. 
Appl ying th e co rrec ti on for the poss ibl e und eres tima tion 
of measured net radiation d eve loped a t: ETH Camp 
(Equ a ti on (4 )) , LWnet shows - 57 W m 2 a t Gim ex-FUA. 
With these ass umptions, th e likely values of LWne! lo r the 
three sta ti ons nea r the ELA cam e closer to each o ther. It 
seems tha t LvVnct is la rger in th e upper acc umul a tion area 
due to a sm a ller difference betwee n at mosph eric a nd 
surface tempera ture. At the ELA and in th e a blation 
a rea, Lo is la rge r compared to L i. C lose r to th e coas t, Li is 
a ffec ted by low clouds which inOuence th e a m o unt of 
LvVnet more th a n higher up o n the ice shee t. Th erefore, 
LWnct depend s ma inly on th e va ri a ti on of Lo a nd on low
cloud condi tio ns. 

A com pa ri son of screen-Ie\·el tempera ture a nd surface 
tempera ture measured by radio meters is give n in T a ble 5 
for Su mmi t, Carrefour, Ca m p 1 V and ETH Cam p. The 
tempera ture oTadi ent in M ay is much la rge r a t Ca rrefour 
th an a t ETH Camp, which co uld be ex pla ined by the 
lower temperature of the interi or snow cover. Similar 
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values for June a nd Jul y at Ca rre fo ur were obse rved in 
M ay a ndJune a t ETH Camp. This indi ca tes a tim e lag of 
a pproxima tely 1 m onth for Ca rre fo ur compared to th e 
presen t site. At Summi t, the tempe ra ture is much lower 
fo r th e measuring p eriod but th e temperature g radient 
between the surface and screen-l eve l height is simil a r to 
obse rvations a t C a rrefour. Valu es fo r Jul y a t Camp IV 
a re in th e same ord er as a t ETH Camp, whereas th e 
te mpera ture gradient fo r June is mu ch la rge r. M o nthl y 
m ean air tempera tures a re simil a r a nd th e di sc repa ncy is 
ca used by the mu ch lo\\"er sur face tempera ture . :'\0 
reasona ble ex pla na tion coul d be fo und for thi s fac t. 

As in the case of longwa\·e radi a ti ve Du xes . measure
me nts of net radi a ti on a re ra re in space and time fo r the 
G reenland ice sh ee t. The amo unt of net radia ti o n 
decreases from th e ice margin to th e acc umul a ti on a rea 
a nd shows its la rges t val ues in Jul y . The decrease of n et 
radi a ti on from th e ELA to the uppe r acc umulation a r ea is 
mu ch small er th a n from the abla ti o n a rea to th e ELA . A 
profil e of net radi a ti o n from wes t to eas t a t 700 N sh ows 
90 \IV m 2 for th e uppe r a bla ti on a rea, 35 \\' m 2 fo r ELA , 

2 · 9 25 \ V m for the pe rco la tI on zone a nd a round zero \V m -
fo r the dry-snow zo ne. This fea ture is caused b y the 
va ri at ion in a lbedo a nd Lo. Va lues a t ETR Camp 
(37 \V m 2) and G im ex-F UA (38 W m 2, adapted ) are 
simil a r for Jul y. It see ms that thi s a m ount of net radi a ti on 
can be ex pec ted at th e ELA be twee n 6r and 70° N. 

CONCLUSIONS 

At th e study site nea r th e mean equilibrium-line a ltitude 
in mid wes t Greenlan d , an energy ga in of the surface du e 
to ra di a ti\ 'e Du xes can be expec ted from th e end of~1ay to 

th e middle of Aug ust with a mea n va lue of 32 \V m 2 (o r 

T able 5. ComjJarisoll of monthl)1 mean screen-level temjJeratll1"e ( Ta ) and Sill/ace 
temperature (Ts) measured b)l ri:ICLiometerJ Jor Summit, CarreJour, Cam/) 1 V and c·TH 
Cam!} . Unit : °C 

Afcl)' J une J ulj' 111gllst 

Summi t Ta ( 199 1) 13.4 
T., ( 199 1) 16.5 
Ta - T., 3. 1 

Carrefour Ta (1967 ) 9 .8 7. 1 3.9 
Ts (196 7) - 15 .7 10.0 - 5.5 
Ta - T., 5.9 2.9 1. 6 

Camp IV Ta (1959 ) - 0.9 1.4 
T., ( 1959 ) -4 .1 - 0.8 
Ta - Ts 3.2 2.2 

ETH Camp Ta (1990) 0.5 0.5 3 .5 
Ts ( 1990 ) 1.9 - 1. 3 4.2 
Ta - Te 1.4 1.8 0. 7 
Ta (199 1) - 8.6 0.9 0.6 1.8 
T., (199 1) - 11.5 2.6 - 1.7 3. 1 
Ta - T., 2.9 1.7 2.3 1. 3 
Ta (1990- 9 1) 0.7 0. 6 2.7 
1',; ( 1990 9 I ) - 2.3 1. 5 3.7 
Ta - Te 1. 6 2.1 1. 0 
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thi s period. Duri ng the melt p eri od , the lack of g loba l 
rad ia ti on ca used by a larger cloud amount is compen
sa ted for by a n increase in longwave incoming ra diation. 
Duc LO th e stead y \'alues of lo ngwave outgo ing radiation, 
net radi a tion a t the surface is c ha racteri zed mainly by the 
a lbedo (with a mean \'a lue o f 0 .75 ) and its va ri a ti on. 
M eas urements of short wave re[l ec ted radi a tion during 
pre- and post-melt seasons d e ri ved from a hig h tower 
provided morc reaso nable d ata for r em o te -se nsin g 
app li ca ti o ns over a wide fl at snow a rea, because the 
effec t of surface undula ti ons (sm a ll sastruga) a nd lower 
so lar eleva tion can be diminished. 

Due to a possible unde res tim a tion of net radi a tion 
meas ured with a net radiomete r, it is recommended tha t 
th e single components of th e radi a tion bala nce a re 
m easured usin g th e shad ing meth od. E speci a lly a t 
locations with high surface re [l ec ti\'iti es, a n und eres tim
a tion orn et rad iation leads to a la rge relative error, which 
co rres ponds, in terms of melt rate, to the order of mean 
a nnual acc umulation a t the present site. 
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