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ABSTRACT. The tempora l and spa ti a l van a tlon in th e surface albed o of th e 
Greenland ice shee t during the abla ti on season of 199 1 is inves ti ga ted. Th e stud y 
focuses on a n area eas t of Sondre StromQord m easuring 200 km b y 200 km a nd centred 
a t 67°5' N , 48° 13' \\, . The anal ysis is based on satellite radi a n ce measurements carri ed 
out by th e Ad vanced Very High R esolution R adiometer (A VHRR ). The broad-ba nd 
albedo is es tim a ted (i'om th e a lbedos in channel I (\'isible ) a nd channel 2 (n ea r­
infrared ) . The res ul ts are calibra ted with the surface albed o o f sea and dry snow. 

Satellite-d eri ved albed os are compa red with G1]\[EX g ro und measurem ents a t 
three sta tions. Th ere is a high d egree of consis tency in tempora l va ri a tion a t two of th e 
three sta ti o ns. L a rge system a ti c differences a rc a ttributed to a lbed o \'a ri a ti ons on sub­
pixel scale. 

In the course of the abl a tion season four zon es appea r, each para llel to the ice edge. 
It is proposed tha t these a re, in o rder of increas ing altitude: (I ) clean and dry ice, (IT ) 
ice with surface water, (ITI ) superimposed ice, and (IV ) snow. An extensive 
description o f these zones is give n on the basis of th e situa tion o n 25 July 199 1. Zones I , 
TIT and TV reveal fa irl y con sta n t albedos (0 .46, 0 .65 and 0.75 on average ), wh ereas 
zone 11 is c ha racterised by an a lbedo minimum (0. 34). Survey of the wes tern m a rgin 
of the Greenland iee shee t (u p to 71 ° N) shows th a t th e zo na ti on occurs be tween 66° 
and 70° N . 

1. INTRODUCTION 

The ice volume of the Greenla nd ice shee t, the second 
la rgest ice shee t on Ea rth , is es tima ted to be 3 x 106 km 3 

Complete mel ting of [his \'01 ume would ra ise th e globa l 
mean sea level by about 7 m (Warrick a nd O erlemans, 
1990). As th e ice shee t is situ a ted in a rela ti ve ly wa rm 
clima te, it is sensitive to clim a tic change. R ecent concern 
a bout enhanced greenhouse warming and possible sea-Ie\'el 
ri se points to the imporLa nce of model studi es whi ch 
a ttempt to quantify the respo nse of the Greenl a nd ice sheet 
to elim a tic change. Th e mass ba lance of the ice sheet is to a 
large ex tent d etermined by the summer energy balance 
(e.g. Ambac h, 1963). l'vIod el studies that a re based on the 
explicit trea tment of energy exchange between the atmo­
sphere and the glacier urface should therefo re sta rt with a 
calcul a tion of the surface en ergy balance . Such studi es 
ha\'e been carri ed out by, fo r example, Greuell ( 1992) for 
the Swiss ETH camp in W es t Greenland a nd va n de Wal 
a nd O erl emans (1994) for th e entire Greenl a nd ice shee t. 
Since most energy for melting is suppli ed by sola r 
radi a ti on, the albedo is th e key quantity in simul a tions of 
the mass ba la nce. T n ord er to develop realisti c albedo 
parameteri za tions, one need s to understand the complex 
vari a ti ons of th e albedo in sp ace and time. Satellite data 
provide an excellent opportunity to stud y th ese variations 
on both a global and a regional sca le. 
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The present p a per describes th e spa ti al and temporal 
va ri a tion in the su rface albedo of th e central wes te rn part 
o f the Greenla nd ice shee t, eas t of Sondre StromQord 
(K a nge rluss uaq ) . Th e stud y region is centred a t a bout 
67° 5' N, 48° 13' \IV and covers an a rea of 200 km by 200 km 
(Fig. I ). It ex tends from a bou t 150 m a.s. l. a t th e ice edge 
to a bout 2100111 a.s .l. a t the eas te rn bounda ry. During th e 
ea rl y 1990s , th e m ean equilibrium-line altitude (ELA ) lay 
a t a bout 1400 m a.s .l. (va n d e W a l and oth ers, in press), 
a nd therefore a significant part of the a rea consisted of ice 
during the a bl a ti on seaSOll . Basically, we selec ted this a rea 
so tha t we could stud y the rem arka ble behaviour of the 
a lbedo which ca me to light during the Greenland Ice 
Yla rgin Experim ent (GHkEX ) o f 199 1 (O erlem a ns a nd 
Vugts, 1993 ) . In contras t to th e situa tion on mo untain 
g laciers, lowes t va lues of the a lbed o were not fo und near 
th e ice edge, but higher on th e ice shee t. So tha t wc could 
stud y this fea ture as well as the d eve lopment of th e a lbedo 
on a larger scale throughou t th e a bl a ti on season of 199 1, 
seve ral NOAA A VHRR (Adva nced Very High R esolu­
ti on R adiometer ) images were processed and studi ed . The 
re tri e\'a l me thod will be d esc ribed in sec ti on 2. A 
com pa ri son between sa te lli te-d erived and in si tu a l bedos 
during GIMEX, toge th er v" ith a n ana lysis o f" th e 
differences found , will be presented in sec ti on 3 . The 
evo lution of th e a lbedo on la rge r scale and a division 111 

g lacier zones will be disc Llssed in section 4. 
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Fig. 1. I1l aj} oJ the s/1I1)' area . The crosses indicate 
CIMEX sites 5.6 alld 9 (a/ 519, 1028 and 1520111 a.s.!.) . 
. \ 'a III es of some outlet gLaciers are included: P. Polonia 
CLe/seller or USllgdl'I/) sermia; Iq, In Ilg/}a i/ qlia/; Is, 
IsIlJlglla/a sermia : RL, RlIssell al/d Leverell Claciers ; I , 
Isorlersllll/J CLe/scller; and 0 , Orkendal Cle/se/zer (Scholz 
alld Cro/tfllthaler . 1988; Il'eidick and others, 1992) . 

2. METHOD 

The surface a lbed o was deri ved [i-o m radi a nce (W m 2 sr I) 

measurements ca rri ed out by th c A VHRR, a senso r on 
board th e N OAA-II sa tellite (a nd successo rs) . Thi s 
sa tellite \I' as in orbit from 1988 to 1995 and p rovid ed 
d a il y co\'(' rage of th e slUd y a rea a t a nom inal a ltitud e of 
850 km abO\'e th e surface . The AVHRR lI'as dcs ig ned to 
measure in fi \'e spec tra l ba nds o f' th e elec tromagne ti c 
spec trum , of'\I 'hi ch ba nd I (vi sible: 560-680 n111 ) a nd ba nd 
2 (nea r-infra rcd: 730- 11 00 n111 ) were used to dc ri\ 'e the 
a lbcd o . The radi o m eter is a cross-trac k sca nnin g instru­
m ent II'ith a g round reso lution ra ng ing from 1.1 km a t 
na dir to 2.4 km (a long track) or 6.9 km (across trac k) a t th e 
swa th cdge (55 .4° o IT-n adir) . Th e read er is refe rred to 

La uritson and o the rs ( 1979 ) for furth er tec hnical d e ta il s 
a bou t th e instrum en t. 

The fo llowing ex press ion rela tes th e AVHRR count 
ICI'(' I (C ) to th e so-ca lled eITec ti\ 'C a lbed o a t sa te llite le \ 'C1 

(A i ) (AbeL 1990) : 

Ai = 8 iC+ I j • (1) 

Th e ind ex i re fe rs to th e A VHRR spec tra l b a nd 
(i = 1,2 ). An eITee ti ve a l bedo of 100% co rres po nds to 

th e radi a nce rece il 'ed from a perfec tl y La mbeni a n surface 
illumina ted by the sun at norm a l inc idence a t th c lOp o f 
th e E a rth 's a tmos ph ere . Th e e ITecti ve a lbed o w as 
ca lcul a ted on th e basis of pre-I a unc h \ 'a lues of' slop e a nd 
inte rce pt: 8 1 = 0.095, 8 2 = 0.090 , h = - 3.8 a nd h = 
- 3.6 (Brown , 1988) . Th e bi-direc ti o n a l pla neta ry a lbed o 
(R i ) fo ll ol\'s from th e e ITec ti\'e a lbed o a fter a correctio n [o r 
th e reduc ti on o[th e so la r nux due to th e sola r zenilh a n g le 
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Ba (R i = A;/ cos Ba) . 
The spec tra ll y integ ra ted a lbed o R was estima ted 

from th e band a lbed os Rl a nd R2 as fo llows: 

(2) 

Thi s r e la ti on a nd va lu es of th e coe [[i c ients we r e 
es ta bli sh ed by compa ring simulta neo us a nd coincid ent 

meas urem ents of R a nd RI and R2 pe rfo rm ed by th e 
ERBE (E a rth R a di a ti o n Budge t E x p e rim ent ) a nd 
A VHRR radi omele rs in th e region n o rth of 600?\ (Li 

and Leig h ton, 1992 ) . Si n ce th e a lbed o of each surface has 
its own spec tra l di stribu t ion , the values o f a. bt and b2 

depend o n the surface type. In th e present stud y, th e 
va lues a = 2.48, b[ = 0.490 a nd b2 = 0.699 we re used [or 
a sea surface (ex pla ined la ter in thi s sec ti on ), a nd th e 
\'a lues a = 4.53, bl = 0. 389 a nd b2 = 0. 452 [o r snow a nd 
Ice . 

Sin ce a ll na tura l surfaces renec t a ni so tropieall y a nd 
th e sa te llite instrum ent m eas ures a no w of energy in a 
pa rti c ul a r direc ti on , R is a fun ction o[ the \'iew a ngles e 
a nd cp . The bi-dircc ti o na l a lbedo sho uld th erefo re be 
inlegr a ted OI'e r th e upper hemisphe re to obta in th e 
pl a neta r y a lbedo a 1' : 

112"17r/2 
Ct1' = - R ( e', q/) sin B' cos e' dB' dq/ . 

7r 0 (J 

(3) 

HOI\'e \ 'e r , R is meas ured in one direc ti o n (B, cjJ ) onl y. A 
soluti on to thi s pro blem is to ass ume th a t th e renec ted 
radi a ti o n fi eld is iso tropic (0: = R ) and th e reu po n a pp ly a 
co rrec li o n acco rding LO er' = a/ f. Th e so-called a ni so­
tropic correc ti on facLO r f d esc ribes th e a niso tropy of'th e 
renec ted radi a ti on fi e ld , a nd depends prim a ril y on th e 
\'iew a n g les, th e sola l' a ng les a nd th e ph ys ica l sta te of th e 
surface (R ashcke a nd o th e rs, 1973; T ay lo r a nd Sw we, 
1 98 L~ ) . H OI\'el'er , di stributio ns of f (e, cp) a rc neith e r 
suffi c ie ntl y nor acc ura te ly kn own for th e pa rtl y inh om o ­
ge neo us ice surface th a t d o mina tes th e a bl a tion zo ne o f 
th e Greenl a nd ice shee t. I t is th erefore ass um ed th a t th c 
renec ted ra di a ti on fi e ld is iso tropic (a p = R or f = 1). 

Acco rding to th e princ ipl es of ill\'a ri a n ce (Chandra ­
sekh a r , 1960), th e re la ti o n bet II 'Cen pla ne ta ry a lbed o Ct1' 

a nd surface a lbedo a" is linear: 

(4) 

K oepke ( 1989) a nd K oelem eij er and o th e rs (1993), fo r 
insta nce, ca lcula led th c valu es of th e coe ffi cients Cl and C2 

by usin g radi a ti\ 'c tra n sf'e r mod els whi c h simul a te 
sca lte rin g and abso rpti o n b y th e a tm os ph eri c constitu­
ents. L a bo ri ous mod elling of th e a tm osph ere can be 
avo id ed if the a lbedo o f ex te nsive d a rk a nd brighl surfaces 
is know n w ith sufTi ciem acc uracy. Using b o th th e surface 
a lbed o a nd th e pl a n c ta ry a lbedo o f' th ese surfaces , 
Equ a ti o n (4 ) ca n be so lved fo r Cl and C2 . The dry snow 
surface in th e interi o r o f th e Greenl a nd ice shee t and th e 
sea surface betwee n Ca na d a a nd Gree nl a nd (D a \'is 
Stra il ) suppli ed th e d a la needed for th e a ppli ca ti on o f 
this m e th od. These a reas a ppea r to be so homogeneo us 

• • ? 
th a t te ns o f th ousand s o f pl xe ls (km - ) re \ 'ea led cons ta n t 

pl a ne ta r y a lbedo. For dry snoll' , Cls = 0. 85 was assum ed. 
The su rface a lbed o o f w a te r was pa ra m etcri zed as a 
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fun ction of th e solar zeni th angle Ba , on the bas is of an 
experimental stud y of th e a lbedo of the sea su rface 
(Payne , 1972 ) . A third-order polynomial fit to clear-sky 
data was used: 

CYs = (8.07 x 10- 2
) + (1.38 x 1O-~(0) 

- (1.99 x 10- 5 ( 0
2 ) + (5.22 x 10- 7( 0

3 ). (5) 

U nlike Jadiative transfer models, th is approac h does not 
need a ny d ata about th e thermodynamic structure of the 
atmosphere or about the concentrations of various gases 
and aerosols. Moreover, the method reduces the impor­
tance of erro rs caused by degradation of the A VHRR. 

C lear-sky im ages are the onl y ones that can be used to 
study the surface in the visib le and near-infrared part of 
the elec tromagnetic spectrum. In spite of this severe 
restri ctio n, 18 images were found to be su itab le for 
compiling a time series (Table I). Most images were 
selected on the basis of cloud observations and measure­
ments of g lobal rad iation during CIMEX. Nevertheless, 
cloudy regions \\'ere prese nt in some of the images . 
Objec tive techniques for detecting clouds from visible and 
near-infl-ared satellite radiances often fail in polar regions 
due to the small visib le and thermal co ntrast between 
cloud a nd su rf'ace (Ebert, 1987) . The cloudy regions were 
therefore detected \'isually by examining textural char­
acteristics of the images in combin ation with ground 
observa tions. 

T he clear-sky images were geometrically corrected by 
a procedure of so-ca ll ed inverse referencing or indirect 
navigation. This method uses orbital mod els to resample 
sa tellite data so that th ey fit a ce rtain geograph ical 
projection. For details, the reader is referred to Klokocnik 

and others (199 I ) . The images were mapped to a grid of 
5 12 x 512 pixels , cove ring the central western part orthe 
G reenland ice sheet from 66° to 72° Nand 40° to 56° ,,\,. 
This a rea measures app roxim ately 650 x 650 km 2

; the 
pixel size of the geometrica ll y co rrected images is 
therefore of th e sa me order of m agnitude as the A V HRR 
nad ir reso luti on, and loss of reso lution is prevented. 

3. SATELLITE-DERIVED AND IN SITU ALBEDO 

3.1. COInpa ris on 

T n this su bsection , the A VHR R-derived albedo (CYA ) will 
be compared with grou nd measurements of the a lbedo at 
Cn IEX sites 5,6 and 9 (CYG ) . Figure 2a shows a scatter 
plot of aA vs CYc . The time-dependent \'ariation in both 
CYG and aA is presented in Figure 2b. Tear sites 5 and 6, 
snow patches were present till about 15 June. Site 9 
became snow-free arou nd 15 Jul y. M ost surface m easure­
ments presented in Figure 2a and b were therefore 
performed above ice. More details abo ut the surface 
condi tions will be given in section 4. The ve rtical error 
ba rs represent the standard d eviation (]' of the 3 x 3 
neighbourhood of the pixel w ith the va lue aA. The error 
bars were added to indica te uncertainty in th e position of 
the CnlEX sites in the sa tellite images. In the field , the 
geographical coordinates of the sites were known 
accurately (within about 10 m ) from measurements with 
the globa l positioning sys tem (G PS). The geometri cally 
correctrd images ma y ha\'e an error that is much larger 
than the pixel size (> 10 km ) . The coordinates of' all 
images we re th erefore fix ed to the snout of Ru sse ll Glacier 

Table 1. An overview oJ all processed AVHRR scenes and some relevant jJarameters. The scenes marked with al1 aslerisk 
are presented in Figure 6. The lasl six columns rifer to Equation (4) . Tlte measllred jJ/anetm)' albedo (ap ) alld the 
jJrescribed sll1face aLbedo (as) oJ dry snow ( interim oJ Ihe Greenland ice sheet) and sea (Davis Strait ) are given. The 
varialion ill the albedo of the sea sll1jace riflects Ihe dejJendency 011 the solar zenilh angle (Equation (5)) 

Date (l991 ) Scene iD Time Sea DIy snow 

h UTC CYp as a p CYs Cl(%) C2 

10 Jun e 1033 (04 15. 14 0.05 0.09 0.57 0.85 1.9 1 1.46 
12 June 1034(02 14.76 0 .05 0.09 0.57 0.85 1.9 1 1.46 
IS June * 1035(07 15.86 0.04 0.09 0.56 0.85 2.92 1.47 
19 June 1037(04 15.09 0 .05 0.09 0.55 0.85 1.1 7 1.52 
24 June * 1039/07 15.8 1 0.05 0.08 0.54 0.85 0.63 1. 56 

1 J uly* 1041 (07 16. 15 0.05 0.09 0.56 0.85 1.11 1.50 
6 July 1045 ( 10 15 .20 0.04 0.09 0.57 0.85 3.03 1.44 

12 July* 1048(06 15 .72 0 .04 0.09 0.56 0.85 3.05 1.46 
17 Jul y 1050(09 16.44 0.04 0.09 0.54 0.85 3.00 1.52 
20 Jul y 105 1(13 15.87 0.05 0.09 0.55 0 .85 1.1 2 1.53 
25 J uly* 1054(03 16.59 0.04 0.09 0.54 0.85 3.32 1. 51 

5 A ugust 1059/0 1 16. 15 0.04 0.10 0.55 0.85 4.36 1.47 
8 August * 1060 /06 15.58 0.05 0.10 0.56 0.85 2.27 1.48 

30 A ugust 1070 /04 16.37 0 .05 0.12 0.55 0 .85 4.60 1.46 
3 September * 1071 / 11 15.6 1 0.06 0.12 0.55 0.85 3.35 1.48 

17 Septem bel' * 1076/ 11 16.26 0.06 0.14 0.52 0.85 4.53 1.55 
20 September 1077 / 11 15.68 0.06 0.14 0.53 0.85 4.79 1.51 
27 September * 1080/06 16.01 0.06 0.16 0.52 0.85 6.76 1.50 
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Fig . 2. (a) :11HRR-deriml albedo (aA) /'.\ ground 
albedo (O'cl al CIMEX siles 5. 6 alld 9 ( Fig. I) . The 
error bars ill 0 C rejJresenl Ihe measuring error. T lte 
A r'J-fRR-derilwl albedo i" /Jresetlled as lite celllral grollnd 
elemenl oJ a sel oJ nille elemenls. Tlte error bar ill each 
l'a/lIe iJ lite slandard de1'ialioll oJ lhe dislribulioll if Ihe 
Iline value,l. (b) T ime-de/Jelulelll varialion in O'A alld O'c . 

(fi g . I ) . It is es tim a ted th a t th e GPS coo rdin a tes o f th e 

sit es a rc situa ted in a reas of 3 x 3 pixcls. H ence, O'c is 

prese n ted \V i th error bars \\'hi ch r eprese n t th e sta ndard 

dC\'ia ti o n of 9 pi xels. 

At site 5, O:A is sys tcmati call y lowe r th a n O:c (Fig. 2a ) . 
Thc ave ragc diffe rence is 0.07. The tempo ra l \ 'a ri a ti on in 

0:(; is close to th a t in aA, a lthoug h th e sa tellite-deri vcd 

albed o drifts slo\\'l y a w a y from th e in situ a lbed o towa rds 
th e end o f th e meas uring peri od (Fig . 2 b ) . At site 6, th e 
situ a ti o n is reve rsed: a A is al ways hig her th a n 0:(;, the 

a \'e rage difference b e ing 0.08 . Aga in , th e tempo r a l 
\ 'ari a ti o n in th e sate ll ite-deri\ 'ed a lbed o is consiste nt 

wi th th e g round obsen' a ti ons, a l th o ug h th ere is som e 

h lla/) alld Oerlemans: SlI1Jace albedo if Greenland ice slteel 

conve rgen ce as tim e passes . As will be sugges ted in section 
4. th e trem end ous d ec rease in th e albed o is re la ted to the 

acc umu la tio n of meltwa te r a t th e ice surface . At site 9 (a s 

a t site 5 ) aA und eres tim a tes O:c. Th e la rge error ba rs 
indica te that th e surface a ro und site 9 is ve ry inhomoge­

neo us, whi ch interferes with a compa ri son o f O:A and ac . 
Ho\\'Cve r , durin g th e second ha lf of July , th e inhom o­

geneity diminishes (a < 0.0 I) and th e \'alu es cOIl\'erge to 
approxim a te ly 0.68 (fi g . 2 b ) . This is a n ex tremely hi g h 

a lbed o fo r a n ice surface . 

3.2. An a lysi s of diffe rences 

The diffe rences betwee n aA a nd (Xc a rc too la rge to be 

a ttributed to a measuring e rror in th e g ro und obse rva­

ti ons o f th e sho rt-\\'a \'e flux es, \\'hi eh is o f th e o rd er of 2%. 

Furtherm o re, th e va lu es o f a a re ge n e ra ll y not la rge 
enoug h to ex pla in th e differences in te rms of spa ti a l 

\'a ri a ti o n in th e a lbed o o n th e scale o f seve ra l pixels, i.e. 

se \'e ra l sq ua re kil ome tres (sce error ba rs in Fig ure 2a a nd 

b). Th e di sc repa ll ey be twee n O:A a nd ac: m ay th erefo re b e 
ex pla in ed ill terms of e rro rs introdu ced by th e retri eva l 

meth od (sec ti on 2). Errors associa ted w ith Equa ti ons (2 ) , 
(3) a nd (4) will be exa min ed in turn . 

Sin ce Li a nd Leig hto n (1992) d o n o t di stingui sh 

bt'twee n ice a nd sno\\', it is ob\'ious th a t a ce rtain erro r 

has bee n introduced by th e a ppli ca tion of Eq ua ti on (2). T o 
es ta bli sh th e se llsiti \'iry o f th e a lbedo to ch a nges in th e 

eoclTi c ic nts 0 [' Equa tion (2 ) , th e se t o f co nsta nts co rre­

spond ing to ict' a nd snow was replaced by th e constants 

th a t " 'e re uscd fo r th e sea surface . Figure 3 sho ll's a sca tter 

plo t of th e a djusted albed o aga inst th t' initi a l va lues a long 
th e G I t\ I EX transec t on 25 .J ul y. These d a ta we re selec ted 

in o rd e r to CO\'C r a wid e range o f a lb ed o \'a lu es, 

corres po nding to a \ 'a ri e ty of surface cond itions. Thi s 
exercise sho ws a rela ti vel y sm a ll decrease in th e a lbed·o. by 

an a\ 'C rage 0 1' 0 .0 1. The la rges t dec rease is 0 .03. This is too 

sma ll to ex pl a in th t' diffe rences betll'ee n aA a nd Qc . In 

gen era l, th e a lbedo will be ra th er insensiti \'(' to cha nges in 

the coe fTi c ients in Equ a ti o n (2 ) . Thi s is <I n immedi a te res ult 
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Fig. 3. Adjusled .1 rH RR-derived albedo (aA), calculaled 
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Fig. 4. Satellite and solar geometl~Y ( lift) and polar diagram ( right) . The radial coordi1lale represents the satellite ::enith 
angle (e) . The azimuth angle (c/J) is calculated relative 10 the solar principal jJlane, i.e. the sun is alu:ays sitllated at 0°. 
The dark sector indicates the view geomell)i of the A f' HRR at the time of the nine selected jJasses ( T able 1) . 

of prescribing the sUt-face a lbedos of sea a nd dry snow in 
Equation (4). The effe ct o f a change in th e coeffi cients 
a, bl a nd b2 (Equation (2)) is compensa ted by a n 
adjustmen t of the coefIi cien ts Cl and C2 (Equation (4 )) . 
For the same reason, the a lbedo is insensiti ve to cha nges in 
the ca libra tion coeffi cients (Equation (I)) . 

The assumption th a t the reflected radiation fi eld is 
iso tropi c was exa min ed in view of p a tterns of bi­
directional refl ec ta nce o f snow and water, constructed 
by T ay lor a nd Stowe (1984) . These pa tterns were se lected 
because the unknown pattern of the surface within the 
study area may resembl e the pattern of snow (a rathe r 
iso tropi c refl ector) or of water (a hig hly a ni so tropic 
reflector), depending on th e actua l condi ti ons of th e 
surface. Snow surfaces (observed m a in ly fr om t h e 
Antarcti c and Greenland ice shee ts) were found to 
refl ec t a lm ost isotropically a t solar zeni th a ngles of less 
tha n about 66°. The sola r zenith angles a t the time of the 
NOAA passes are substan tially smaller a nd vary between 
46° a nd 49°. Apa rt from the solar a ng le ', the view 
geo metry of the sa tellite instrum ent determines the erro r 
introduced by the isotropic assumption. Figure 4 shows a 
polar di agram of this geom etry. M ost meas urements a re 
performed more or less sideways (c/J ~ 90°) , i. e. perpendi­
cular to the solar princi pa l p la ne. The ze n i th a ngles a re 
not ve ry large (e < 42°) . Due to forward sca tt ering of 
radiation a t the surface and below it, a niso tropy is 
es pec i a ll y pronounc ed in the specular direction 
(c/J ~ 180°) at large ze nith a ng les (e ~ 90°) . This 
indicates that th e yiew a ngles shown in Figure 4 a re 
situa ted within a rather fav ourab le a rea of the polar 
diagram . Nevertheless, the reflectance p a ttern of water 
suggests that the isotropic assumption leads to a certa in 
degree of underestim a tio n of the rea l a lbedo (f < I; see 
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section 2) . Correc ting for this would increase th e a lbedo. 
Since th e refl ec ted radi a ti o n fi eld abO\"C the surface 
a round site 6 m ay resemble the pattern of water (sec ti on 
4), aA at site 6 is expec ted to improve as a result of a 
co rrec tion. Unfortuna tely, the opposite is true and the 
difference between aA and Qc increases. If th e refl ected 
radiat ion fi e ld were stro ng ly anisotropic, one migh t 
ex pect to find strong correlation between QA - aG and 
the sa telli te view angles. Accord i ng to Figu re 5, there is 
no e\'idence [or a significan t co rrelat ion. All this gi\-es us 
the impression that the ass umption of isotropic surface 
refl ec tion is not the main factor causing the differences 

between QA a nd aG· 
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0.1 
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Fig. 5. The difference between A f'H RR-derived albedo 
(aA) and Gl lVIEX albedo (Qc) ( Fig. 7) vs the satellite 
zel7ith angle ( left ) alld the satellite azimuth angle ( Tight ) . 
The az imuth angle is calculated relative to the solar 
principal plane (see Fig. 4) . 
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The \'a lues of th e coeffi cients Cl a nd C2 (Equati o n (4 ); 
Table I) depend on the choice o f th e prescribed surface 
a lbedos of dry sn ow and sea. A rea li sti c adjustm r nt of 
± 0.05 is not enoug h to red uce th e difference between QA 

a nd Qc . :'loreo\·e r , this cha nge d ec reases or increases QA 

a t a ll sites, which is obyiously und esirabl e. Sensi t i\'ity 
ex peri men ts with a two-stream m u l ti ple-sca tte ri ng radia­
ti\'e modcl of a cloud-frec a tmosphere (K oclem eije r, 
1992 ) sho\\'ed th at the infT uence of the a tm osphe re is 
ra th er sma ll a nd th a t the difTe re nces between QA a nd Qc 

canno t be a ttributed to the a tmospheric correc ti o n. Note 
th a t the la rge diffe rence between pla neta ry and surface 
a lbedo (T a bl e I ) is due not on ly to atmosph eri c 
interference bu t a lso to deg rad a tion of the A VHRR. 

It seems that cru cia l assumptio ns made in the retrieya l 
m e th od d o not con clusi\'e ly exp lain the difference 
be tween th e sa tellite-deri\"Cd a nd the ground a lbedo. 
\ 'Ve th erefore sugges t th a t th e d ev ia ti ons a re caused 
m a inl y by real differences introdu ced by sub-pi xe l 
var ia ti on in the a lbedo. Th e downwa rd-facing se nso r of 
th e gro und instrum ents receives m ost of th e re fT ected 
ra di a tion from an area th a t is of th e o rd er of 10 m x 10 m. 
By contrast, th e g round reso lution of the A VHRR is 

A-naj) and Oerlel71alls: SlIIJace albedo of Greenland ire sheet 

1.1 km a t nad ir, a nd thi s resolution becomes coa rser with 
increas ing \' ie\\, ing a ng le o ff-n ad ir. The largest pixe l size 
within th e raw im ages is a pproxim a tel y 1.7 km x 2.5 km. 
The A VHRR reso lu ti o n is therefore mu ch too coa rse to 
observe \'a ri at ion in th e a lbedo o n a sca le of se\'e r a l 
hundreds or th ousands of squa re m e tres, which is a 
reali sti c \'a ri a ti on in the a bla tion area of the Greenl a nd 
ice shee t. 

4. DESCRIPTION OF SATELLITE-DERIVED ALBEDO 

4.1. T e lD.poral and s patial variation 

I n thi s subsec ti on a brief desc ription is gi\'en of the 
tempora l a nd spa ti a l yariation in th e surfa ce a lbedo in th e 
Sondre Stromuord a rea . The main fea tures a rc presented 
in Figu re 6 (im ages of th e entire stud y area ) a nd Fig ure 7 
(data o f the CI:'IEX tra nsec t only ) . Th e positions o f 
CIMEX sites 5,6 a nd 9 a rc ind icated. Th e time seri es is a 
represen ta ti\'e se lec ti o n o f nine scenes (T a blc I ) w hi c h 
shows sig nifi ca nt cha nges during th e a blation peri od of 
199 1. Th e albedo data a long the C IMEX tra nsec t (F ig . 

-=-=-o 9) lm 

Surface ." lbedo 

0 .3 0 .4 0 .5 0 .6 0 .7 0.::: 0.9 

Fig. 6. A r.r I-I RR-deriNd hori::.ontal distribulion oJ the slllJacf albedo durillg the ablalion season oJ 1991. The qzw/iU oJ the 
images was enhanced t Jl a 3 x 3 median and an edge-enl/{/I/cemelll Jilter, s1Iccessively (see, e.g .. CmckllelL and H(~Jles, 

1991 ) . Cloudy areas above the ice sheet are indicated. The albedo oJ the tUlldra is set 10 values <0.3. A geograj)hical mal) oJ 
the area is giz'eII in Figure I. 
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Fig . 7. A VHRR-daived swface albedo (aA) along the 
GI N/ E.\' transect (67" Y ) during the abLation season of 
199 1. GajJs in the data oj 1 and 12 JU f)1 are due to 
cloudiness. 

7) were ex trae ted from the raw albedo fil es as the means 
of fi\ 'e ro\\'s centred on th e latitude of Russell Glac ier 
(approxim ately 67° \' ; see Fig . I). A fi ve-point running 
mean was a pplied in order to obtain a good representa­
tion of th e genera l a lbed o profile. 

On 15 June th e albedo 0 (' the stud y a rea is genera ll y 
high , except in a zone near a nd parall el to the ice edge. 
Along th e tra nsect (Fig. 7) th e albedo gradually increases 
('rom 0.53 near the ice edge to a lmost 0.85 at 200 km. The 
surface near the upper I i m i t of the profile (2100 m a.s. l. ) 
ve ry probabl y consists of dry snow at th e beginning of th e 
melt season . Kea r the ice edge the pre\' ious winter's 
snowpack has melted away a nd bare ice has emerged a t 
the surface. This is confirm ed by GI?\IEX obse rvations a t 
site 5 (Fig . I ). In \·iew of the gradua ll y in creasing albedo 
in th e first 50 km along th e transec t th e re is not yet a 
distin er boundary between iee and snow. The transition 
from bare ice nea r the iee edge to snow hig her up on the 
iee shee t is marked by a broad zone of pa tches of \\'et 
snow, si ush a nd ice. \Vi th in creasing a l ri lUde th e surface 
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becomes more dominated by snow, which ca uses the 
gradu a l albedo increase. On 24 June, i.e. a week o r more 
after the first im age , an a\'erage a lbedo decrease o f 0. 1 is 
obsen'ed over th e fi rs t 70 km of the transect. Th e 10\\'er 
parts of th e tra nsec t a re now completely free of sno\\'. A 
furth er dec rease of th e albedo can be observed o n I July. 
Striking is the appearance of a d a rk area ex tending in 
north- south direct ion, eas t of the large outle t g lac iers 
(Tsunguata se rmi a, Russe ll Gl acier , etc .). Furth e r d e\'el­
opment of thi s d a rk a rea in north- south direc ti on a nd a 
tremendous d ecrease in the a l bedo O\'er the en ti re stud y 
area can be observed on 12Jul y . The da rk band shows up 
distinctively as a broad dip in th e a lbedo profil e centred 
a t a bout 40 km from the ice edge (Fig. 7). O erl em a ns and 
Vugts (1993 ) s ta te that thi s d a rk band shou ld be 
associated with th e accumulation of meltwater a t the 
g lacier surface (see sec tion 4 .2) . Eas t of the d a rk ba nd 
ano ther zone can be distinguished in which we find 
iso lated pixels of \'ery low a lbedo (Fig. 6) . T hese are 
probab ly caused by supraglac ia l meltwa ter la kes th at 
have fo rm ed in topograp hica l d epress ions. T ypical lake 
sizes of several sq ua re kilometres m atch well wi th th e size 
of indi\ 'idu al pixels. The frequent occurrence of low 
a lbedos within th e image of 12 Jul y comes abruptly to an 
end abo ut 11 0 km from the ice ed ge (Fig. 7). Over a short 
distance the a lbed o increases from 0.52 to 0.70. ?\ Iost 
probably, the tra nsient snow-line is found here. 

Although th e a lbedo is gene ra ll y higher on 25 July, 
th e albedo distribution on this d ay shows th e same 
remarkably regular pattern as on l 2 Jul y. Apparentl y the 
a lbedo de\'Clops into a pattern of zones \\'hich li e more or 
less parallel to th e ice edge. Th e last cloud-free day on 
which the typical zonation can be distinguished is 8 
August (Fig. 6 ) . T he las t three im ages (3, 17 a nd 27 
September) show th at the regu la r pattern has been 
rep laced by a fairl y uniform a rea with high a lbed o va lues . 
Undoubted ly thi s is due to fresh snow covering the g lacier 
surface . H owever, the albedo tend s to decrease near the 
ice edge on 27 September. This might be caused by 
melting of new sno\\' or by strong winds that expose bare 
ice and lower th e a lbedo. 

4.2. Distribution of zones in the Sondre Stnnnfjord 
area 

A consp icllous fea ture of th e albedo pattern disc ussed in 
secti on 4. 1 is th e d a rk band. A direct conseq uence of the 
ex istence of thi s ba nd is that th e a lbedo decreases (loca ll y) 
with increasing a lti tude. This is qu ite remarka ble in vie\\' 
of the fact tha t on alpine glaciers the albedo usua ll y 
increases from the snout to the h ead of the glacier. In this 
subsection we go further into th e typ ical zonatio n in the 
Sondre Stromfj ord area. A probabl e desc ription of th e 
surface within the zones is give n in the li ght of th e image 
of25 Jul y (Fig. 6) . T his image was sclected because of the 
ob\ 'ious presence of the zones and because su bsequent 
images fall outside the measuring period of G IMEX. 
Figure 8 gives a cha racteri sa tion of the albeclo pat tern 
a long the GINIEX proGle in terms of four zones indica ted 
by Roman numera ls I- IV. GIMEX sites 5, 6 a nd 9 a re 
situa ted within zones I , 11 a nd Ill , respec tively . Some 
d etails about the indi\'idua l zo nes are summ arised in 
T ab le 2. 
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Zone I re presents th e fIrst 20 km of' th e Gli\IEX 
tra nsec t. M os t meltwa ter whi ch a rises at the hill y surface 
o f thi s zone is dra ined effi cien tl y by a complex system of 
c re\'asses a nd m o ulins. The con centra ti on of d eb ris and 
till a t the bare- ice surface is rather small compa red to th e 
a mount of mor a ini c material usua ll y found a t th e surface 
o f' a n a lpine g lacier. Beca use of th e small concen tra tion o f' 
wa ter and supraglac ia l ma teri a l, the ice is re la ti\ 'C ly dry 
a nd clean. This contributes to th e fac t th a t zo ne I looks 
quite bright o n th e image (Fig . 6 ) . 

Zone Il , w hi c h includes the dark band , ex tends 
between 20 a nd 75 km fram th e ice edge. Th e a lbedo 
reaches \'a lu es as lo\\' as 0.34, substantiall y lower tba n th e 
a lbedo of zo ne 1. As the deeper ice in zone Il is cold , i. e. 
not a t melting te mpera ture, a n e f'f'ec ti\'e intern a l dra inage 
sys tem does no t d c\'C lop a nd most meltwater dra ins 
supraglacia ll y. H th e surface slope is suffi cientl y small , 
m elt water acc umula tes on the ice surf'ace. This process 
m ay ex plain th e steady decrease of the a lbedo a t site 6 
(Fig . 2b) in th e co urse of' th e m elt season. Fig ure 9 g i"es 
some indirect c\ 'idcnce for a re la ti on betwccn lo\\' a lbed os 
a nd surface m e lt water . It a ppea rs that th e a lbedo 
minimum at 40 km f'ram the ice ed ge co incid es " 'ith a 
loca l minimum in th e surface slope. T ha t dra in age a nd 
surface slope a rc closel\' rcl a ted \\'as recogn ised b y Zuo 
and O erl el11 a ns ( 1996 ) \\' ho attempted to model the 
a lbedo a long th e G lMEX tra nsec t. On 12 Jul y, zon e II 

-,. 
ui 
co 

E 
::s 
Q) 

" .~ 

'" 

ft 'na/) and Oerlemans: SlIIjace albedo of Greenland ice sheet 

2.0 - , 
3 

-. albedo 2.5 

1.5 minimum 

2 
U> 

--0--- alt it ude 0" 
1 .0 ~ 15 ij$ 

- -0 - - mean slope 

0 .5 b 
, , 

, b, 0.5 
-0 

0 0 
0 50 100 150 200 

distance from ice edge (km) 

Fig . 9 . .-Jltitl/de and mean slo/)e /Hofile of the GIJIEX 
transect, as illjerred .from differentiaL CPS (globaL 
positionillg j)'5te/ll ) measllrements in 199 1. The arrow 
indicates the .Iitllatioll of the alhedo minimuIn deril'edfrom 
satellite measurements ( Fig. 8) . 

0 

seem s to be C\'C 1l Illore pronounced th a n o n 25 Jul y (F ig. 
6) . In ge nera l. th e a lbedo is IQ\.\'Cr a nd the dark b a nd 
sprea ds O\'er zo ne [ . This f'eature mig ht occ ur during a 
period of intell se ab la ti o n . 

Z one III \\'as chose n o n th e basis of its rather constant 
a lbeclo (about 0.65 ) o n 25 Jul y (Fi g. 8; T able 2). The 
upper bound a ry or th e zo ne (110 km from the ice edge o r 
1650 m a.s.l. ) is mos t pro bably the tra nsicnt sno\\·-lin e. 
Zone III thercl()re cons ists entire h ' of ice \\- ith a n 
ex tremely high a lbeclo . Site 9 or G c\IE X (Fig. I ) \\ 'as 

situ ated in the middle o r zo ne lIT . Snow-depth meas ure­
me nts at this sta ti o n showed tha t the pre\'ious winte r 's 
snow cO\'Cr disappeared on 15 Jul y (H enneken a nd 
o th e rs, 1994· . Su bseq uen tl y. th e ice layer dri ed a nd 
f'ragmented into littl e bars (4- 8 cm long) " 'ith an ang ula r 
stru c ture. This typical s tru cture indi cates th a t a t the tim e 
of' obsen'at ion th e surface or site 9 cons isted of supe r­
imposed ice. It seems th a t th e sa me ty p e of ice \·\-as fo und 
a t th e S\\'iss ETH camp in Jul y 1990 (K onzelm a nn , 
1994) . Konze lm a nn refers to it as "candle ice" a nd a lso 
sugges ts th at it is superimposed ice . 

The consistency o r th e a lbedo in zo ne UI a nd th e 
obse n 'at ions a t site 9 bring us to the h y po th esis tha t zo ne 
III is the superimposed-i ce zo ne. Benso n ( 196 1) classified 
thi s zo ne 0 11 th e basis of fI eld obseJ,,"atio ns made near th e 
wes te rn margin of th e G ree nland ice shee t from J 952 to 
1955. Th e hypothes is will be f'urther in vest iga ted in v iew 

T able 2. SUmmal)1 of :::.ones found alollg the G / ,11 E X trallsect 011 25 J ul.), 199 1. See also Figure 8. The third colllllln refers 
to distanres jrolll the ire edge . The sill/ace MJes as jJreseJlted in tlte last colulI1l1 are disCllssed ill the text ( sectioll 4.2) 
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of the upper a nd lower bound aries of zone 11 1. According 
to the concep t of glac ier zon es (Benson, 196 1; P aw-son, 
1994) the upper bounda ry of th e superim posed -ice zo ne is 
th e snow-lin e . As the a blation season progresses, th e 
t ra nsi ti o n a I a rea betwee n ice and snow beco mes 
na rrower. T his res ults in a r a th er sudde n in c rease in the 
a lbedo. ' I\Ie can therefore state with ce rta inty th at the 
stepwise in crease of the albed o at 1650 m a .s.l. (Fig. 8) is 
assoc ia ted w ith th e snow-line . ' Vithin the supe rimposed­
ice zone th ere is an ann ual in c rement of superimposed ice . 
T he zo ne is th erefore part o f the accumul ation area. 
Below th e lower boundary of the superimposed-ice zone 
th ere is net loss of mass over a year. The lower boundary 
of the superimposed-i ce zon e is therefore the equi librium 
line. Bearing this in mind , it is useful to compa re the IO\\-er 

bounda ry of zo ne II I with th e ELA, inferred from stake 
measurem ents (T able 3) . The ELA for the 1990- 91 

T able 3. Equilibrium-line alliludes (ELAs) oJ Ihe 
CIA1E X Imnsecl, inJerred .from stake measurements over 
Ihe period /990- 94 (van de llIal and olhers, in press) . 
The average ELA is 1420 m a.s.l. 

Year 

1990-9 1 
199 1- 92 
1992-93 
1993-94 

ELA 

m a.s. l. 

1575 
1205 
1440 
1465 

ba lance yea r (1575 m a .s.l. ) is ra ther high compared to 
th e lower boundary of zon e ITI (1450 m a .s.!' ) . This could 
impl y th a t superimp osed ice is found b elow th e 
eq uili b rium line, which is no t impos ibl e sin ce the 
a blat ion season is genera ll y not finished by 25 Jul y. 
H owever, th e lower bounda ry of zo ne Ill , as d e rived from 
subsequ ent im ages, did no t approach the 1990- 9 1 ELA. 
Large intera nnua l va ria ti o n in the ELA m ay be the 
reason that superim po ed ice is found well be low the 
equilibrium line. A substa nti a l increase of the ELA could 
expose superimposed ice fo rm ed during previous yea rs. 
The fac t th a t the 1990- 9 1 ELA is rela ti vely high (T able 
3) gives some support for thi s idea . T he (o rma ti on of 
superimposed ice duri ng su ccess ive summ ers (instead of 
during onc summer) could th e rclore determine the lower 
bounda ry of the superimposed-i ce zone in the Sondre 
Stro mfjord a rea . For this reason, the lower bounda ry of 
zo ne III should be compa red wi th the mean ELA, 
ave raged over se\'eral years. T he a\'a ila ble d a ta (T ab le 
3) give a mean ELA of 1420 m a .s. l. which co rres ponds 
fa ir ly we ll to the lo w e r bo und a r y o f zo ne III 
(1450 m a.s .I. ) . 

Zon e IV consists of snow. I t is common to di stinguish 
th e dry-snow zo ne, the percola ti on zone and th e wet-snow 
zo ne (Ben son , 196 1; P a te rson, 1994). According to 

Benson (196 1), the dry-snow zone in G reenland roughl y 
co incides w ith the region w here the mean a nnua l air 
tem pera ture is -25°C or lower . t the uppe r boundary of 
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the profil e (2 100 m a.s. l. ) the m ean an nual air tempera­
ture is substanti a ll y higher than - 25°C (Ohmura , 1987 ). 
Zone IV th erefore d oes not ex tend to the dry-snow zone. 
Th e pe rco latio n zo ne an d th e wet- snow zo n e a re 
di stingu ished on the basis of su b-su rface cha racte ri sti cs. 
I t is highl y unlike ly that these are \' isible in th e a lbedo 
distribution. 

4 .3. Distribution of zones between 63° and 71 ° N 

The typ ical albed o distribution within the stud y a rea 
leads obyiously to q uestions a b o u t the ex ten t o f this 
p a ttern. Th erefore, we brieOy disc uss the albed o of the 
so uth western part of the Green la nd ice sheet as it was on 
25 July 199 1 (Fig . 10). The wes tern margin of the ice 
shee t is cloud-free and the ice edge is clea rl y visible 
h e tween 63° a nd 7 1 ° N la ti tude . Th e typical zon a tio n as 
d escribed in sec tio n 4.2 extend s roughly betwee n 66° and 
70° 1'\ . In the so u thern part, zo n e Il (the d a rk b and ) 
bends towards th e ice edge, w her eas zone III (probab ly 
superimposed ice ) becomes broad er. Just north or 65° N, 
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Fig. 10. AV HRR-derived sUljace albedo DJ the Greenland 
ice sheel soulh of 72° '\' on 25 J uly 1991. A significanl 
part oJ the inLand ice is obscured by clouds (smooth gTry 
area ) . CLouds are also visible above the Atlantic Ocean 
(soulheastern l)aTI of Ihe image). T he white square shows 
Ihe sludy area ( Fig. 1) . The gLacierized SukkertofJpen 
show lljJ as brighl clusters just outside Ihe southwestern 
corner oJ the study area. 
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zo ne 11 becomes \'ery narro\\' and eventuall y disappea rs. 
This m ay be related to the steep surface south of th e 
Sukkertoppen mou ntain ra nge which pre\'ents accu mul a ­
t ion o f m e ltwater at the surface. I n th e area of 
J a kobs h avns l sbne (69°-69 30' N ), the zo nat ion is 
squeezed wes twards a nd zo ne fT extends to the ice edge. 
M eltwater therefore seem s to be poo rl y dra ined at th e 
surface of the lower ca tchmen t area ofJ a kobshayns lsbra::. 
Zone IT is vi si ble up to a la ti tude of a bou t 700 Nand 
d isappears rath er sudd en ly. Zone 111 n arrows in the area 
of J a kobshav ns I sbrze , wh ich may impl y that th e 
su per im po 'ed-i ce zone is not as broad as in the Sond re 
Stromfjord area. 

Explaining a ll regional va riations of th e a lbedo shown 
in Figure 10 is a task which goes beyo nd th e scope of thi s 
paper. The figure neverth eless demonstrates cOl1\'incingly 
tha t the zo na tion exists on a fai rly large sca le and is no t 
limited to the immed ia te surroundings of Sondre Strom­
fj ord. 

5. DISCU SSION AND CONCLUDING REMARKS 

Des pite th e simpli city of th e retrieval m e thod presented 
here, our results show that rea listi c \'a lues of the surface 
a lbedo ca n be deri ved from \'isible a nd near-i nfrared 
radiances measured by the AV HRR. Th e fact tha t the 
tempora l \ 'ar ia tion in the sate llite-d eri\'ed a lbedo a l sites 5 
a nd 6 is consisten t wi th the in si tu a l bed o (Fig. 2b) 
insp ires confidence in the method . N everthe less, th e 
measure m e nts at a ll three si tes show th a t la rge sys tematic 
differe nces a re commo n. Because th e AVHRR resolution 
(?: l.l km ) is so coa rse compared to the field of \'iew of the 
g round ins trum ents, it is difficult to dralY a firm 
concl usion regarding th e acc uracy of th e sa tellite-deri ved 
a lbed o. Satelli te and g ro und meas ure m ents performed 
simulta neo usly a t eq ual sca les may prov ide more insight 
in to thi s. Instruments w it h fin er gro und reso lu tion (e.g. 
La ndsa t TJ\I (30 m ) or R ESU R S-Ol ~rSU-SK multi­
spectra l scann er ( 170 m )) may be used to determine 
whe th er sub-pixel va riatio n in the a lbedo in th e Sondre 
Stromfjord a rea is ind eed la rge enough to ex plain th e 
diflcrences between sa tellite-deri\'ed and in situ a lbedos. 

On the basis of remote ly sensed data of BnJa rj okull (a 
surge-t yp e out let g lacie r of V a tn aj o kull , I ce land ) , 
\\'illi ams a nd oth ers ( 199 1) combin ed g lac ier ice a nd 
superimposed ice into one ice zone. In co ntras t with this 
work , we di stinguished three zo nes below th e snow-line in 
the Sondre Stromfjord area (Fig. 8; T ab le 2). The 
occ urrence of zo nes II and III (probabl y ice with surface 
water and superimposed ice, res pec tive ly) may be 
att ribu ted to non-tempe ra te conditi o ns. The tempera ­
ture of th e ice is below ooe (except fo r a surface laye r), 
whic h pre\'ents the d evelo pment of a n e ffect i\'e intern a l 
dra in age sys tem. Conseq uently, meltwater can acc umu­
la te o n th e ice surface. Superimposed ice form s on ly iffirn 
temperatures are below O°C. Since Vatnajokull is a 
tempera te ice cap, zo nes If and III ma y simpl y not exist. 

Th e satelli te-derived a lbedo a t site 6 ro ug hl y hall-es in 
th e cou rse o f the mel t season (Fig. 2b) . En ergy-balance 
calcul a tions for this site showed tha t 80 90% of th e 
energy ava ilab le for melting comes from so lar radiati on 
(\'an de \ \ ' a I, 1992 ). The development of zon e [J therefore 

KnajJ and Oerlemalls: SlIIjace albedo of Greenland ice sheel 

has se ri ous consequences for the mass ba la nce in the region 
o[Sondre Stromfjord . Yea rl y varia tion in temperature and 
precipita ti o n , for example, is likely to affec t th e d e\'e lop­
ment of the zo nes a nd the a ltitude of the bounda ri es. Long­
term monitoring of the a lbedo pattern by sa tellites may 
therefo re be a use ful technique fo r stud ying the interaction 
between the climate sys tem and the ice shee t. Nevertheless, 
surface measuremen ts should continue in order to \'erify for 
in stance th e suggested relat io n betwee n th e 10\\'er 
boundary of zo ne III and the ELA. 
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