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Positive degree-day factors for ablation on the Greenland 
ice sheet studied by energy-balance lD.odelling 

ROGER J. BRAITHWAITE 
Gran/ands Geologiske Undersogelse, DK-1350 Kobenlzavll K, Denmark 

ABSTR ACT. Ice a b la tion is rel a ted to a ir temperature b y the positive d egree-day 
factor. V a ri a tions of th e positi ve degree-d ay fac tor in \Ves t Greenland a re st ud ied 
using a n energy-ba la n ce m odel to simulate ablation under differen t condi tions. 
Degree-d ay factors for simula ted a nd m easured ice a bla tio n at ;.Jordbogle tscher a nd 
Q amana rss up sermia agree well with valu es a round 8 mm d 1oC I. Degree-d ay factors 
for snow a re less tha n h a lf those for ice. Energy-bala nce m od ell ing shows th a t degree­
day factors va ry with summer mean tempera ture, surface a lbedo and turbulence but 
there is only evidence of la rge positive d egree-day facto rs a t lower tempera tures and 
with low a lbedo (0. 3) . Th e greates t effec t of albedo varia ti o ns (0.3- 0. 7) is a t lower 
tempera tures while vari a tio ns in turbulen ce have grea ter e ITeC ! a t higher tempera tures. 
Current m odels may underes tima te rllnoff from the Green la nd ice shee t b y severa l 
tenths becallse they use a d egree-day facto r for melting ice tha t is too sm a ll fo r the 
cold er pa rts of the ice shee t, i.e. the upper a bla tion a rea a nd the northerly m a rgin. 

INTRODUCTION 

T he importa nce of air tempera ture for g lac ier melting is 
well known. i n partic ula r, the melting o f snow or ice 
during a ny peri od is often ass umed propo rt iona l to the sum 
of a ll tempera tures a bove the melting point a t the same 
place a nd during the sa me period, i.e . the posi tiYe degree­
day sum. The facto r linking abla ti on to th is tempera ture 
sum is the positive degree-d ay fac tor. Th e positive degree­
day fac to r is usually trea ted as a consta nt but here I 
exa mine its varia tions, both for obse rved a bla ti on a nd for 
ab la tio n calcula ted by a n energy-bala nce m odel. 

64°28' N ) (Olesen a nd Braithwaite, 1989) . An cnergy­
bala nce m od el was also used to calcu la te a bla tion from 
simple clima te d a ta (air tcmpera ture, humidity, wind 

The d egree-day a pproach was lirst used in the Alps by 
Finsterwa lder and Schunk ( 1887 ), tes ted b y Braithwa ite 
a nd O lesen ( 1985, 1989) under Green la nd conditi ons, 
modifi ed by R eeh ( 1991 ) to calcu la te melting O\'er the 
whole Greenla nd ice sh ee t, and used in ice-d yna mics 
modellin g b y Hu ybrechts a nd o th e rs ( 199 1) and 
Letregui ll y a nd others ( 199 1). 

The positive degree-d ay factor invo lves a simplific­
a ti o n o f complex processes th a t a re m o re properl y 
desc ri bed by the energy balance of the glacier surface 
a nd ove rl ay ing a tmospheric bounda ry layer. This means 
tha t the posi ti ve degree-d ay factor itself m ust depend 
upon the energy ba la nce (de Quervain , 1979; Ambach , 
1988 ), m a king a uni versal factor impla usib le. Melting 
snow has a lower positive d egree-day facto r tha n melting 
ice und er o therwi se id entical conditio ns because of lower 
energy flu xes (H oinkes a nd Steinac ker, 1975; Braith waite 
a nd O lesen , 1988), but even ice must have different 
fac tors fo r different energy-bala nce regimes. 

Th e present stud y uses d a ta from N ordbogletscher a nd 
Q a m a n a rss CIJ) se rmi a in Wes t Gree n la nd (Fi g . I) . 
Abla ti on was measured a lmos t every d ay a t stake 53 o n 
;.Jordbogletscher (a t 880 m a.s. l. a nd 6 1 °28' N ) and a t 
sta ke 75 1 on Q a m a narss up sermi a (790 m a.s. 1. a nd 

HA N S TA V SEN 

Fig. 1. Locations oJ glaciological studies in Greenland 
referred 10 in the text . 

153 

https://doi.org/10.3189/S0022143000017846 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000017846


J ournal oJ Glaciology 

speed , sunshine duration , and incoming short-wave 
radia tion). These d a ta were observed a t the base camps 
close to the stakes where abla tion was measured . The 
calculated and measured abla tion d a ta cover the J une­
Aug ust period for six summers a t N ordbogletscher (41 5 d 
in 1979- 83) and seven summers a t Q a manarss Llp sermia 
(5 12d in 1980- 86). 

DEGREE-DAY MODEL 

The treatment follows Braithwaite and Olesen (1989). 
D aily abla tion a t is proportional to the daily m ean 
tempera ture Tt (in QC) as long as th e temperature is a t or 
above the melting point: 

(1) 

where a and {3 a re parameters and Ct is a random error. 
Physically a represents the melting with an air tempera­
ture of O°C while (3 describes the increase of ablation with 
tempera ture. Eq ua tion (1) im plies that part of the 
abla tion energy is controlled by a ir temperature and 
part is independent. A variable Ht is defin ed such tha t: 

1.0 

0.0 

The total abla tion A over an N d period is given by: 

Combining Equations (1) and (3) gives: 

A 

(2) 

(3) 

(4) 

The first summation equals the number of days N * with 
tempera tures a t or above the melting point, and the 
second summation is the positive degree-day sum PDD for 
the N d period . The summation of the random error term 
Ct is ass umed to be zero. The mean d aily abla tion ra te for 
the N d period AI N is given by: 

AI N = a(N * I N ) + (3(PDDI N ) (5) 

where N *IN is the frequency of m elting tempera tures 
during the period and PDDI N is the mean of positive 
tempera tures in the period. These terms can be calculated 
from m ean tempera ture, e.g. for a month, by ass uming 
tha t tempera tures a re randomly distributed around the 
mean tempera ture (Braithwaite, 1985) . By definition , the 
positive degree-d ay factor is: 

k = AI PDD. (6) 

Combination of (5) and (6) gives k as a function of a a nd 
(3: 

k = a(N * I PDD ) + {3 . (7) 
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The positive degree-day fac tor k is not generally the sam e 
as the slope (3 as (carelessly) implied by Braithwaite and 
Olesen (1989). The varia tions of N* a nd PDD with 
monthly m ean tempera ture are shown in T able I. The 
ra tio N * I PDD decreases with increasing tempera ture so 
the effec t of a on the degree-day fac tor k is progressively 
redu ced , a nd k tend s to {3 in th e limi t of high 
tempera tures . 

Table 1. Days with melting (N * ) and positive degree-day 
sum ( P DD ) versus monthly mean temperature using the 
probability model oJ Braithwaite (1985) . ALLfigures rifer 
to a 31 d month 

T 
°C 

- 6.0 
-4.0 
- 2.0 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 

N * 
d 

2 
5 
9 

15 
22 
26 
29 
30 
31 

PDD 
deg d 

3 
10 
24 
49 
86 

134 
189 
249 
310 

N *IPDD 
0C I 

0. 63 
0. 50 
0. 39 
0. 31 
0.25 
0.19 
0.15 
0.1 2 
0.10 

The degree-day model rests upon a cla imed rclation 
between d a ily abla tion and d aily mean tempera ture tha t 
is shown in Figure 2 using d a ta from Q ama na rssllp sermi a 
as an example. There is a fa irly strong correla tion between 
abla tion and tempera ture (r = 0.78 with sample size 512), 
but the r ela tion is by no means perfect. The considerable 
scatter is due to the influence of other factors than 
tempera ture, as well as the effect of measurement errors, 
which have a standard d eviation of a bout ± 10 to 
± 20 mm cl I lor daily d a ta . Negative valu es of ablation 
in Figure 2 a re clearly caused by errors. 
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Fig. 2. M easured daily ablation versus daily mean tem­
perature, Qamanarssup sermia. 
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The intercept et o[ the regression line in Figure 2 is 
slightl y positive ( + 3 mm d I ) so there is a general tendency 
here [or a blation to occur even when a ir temperature is 
O°C. A positive et in Equ a tion (7) means th a t th e positive 
degree-day factor k decreases with increasing temperature 
in agreem ent with Ambach (1988). 

The a bove conclusion should be trea ted cautiously 
because positive et is b y no means self-evident for severa l 
reasons. Firsl, the surface energy bala nce a t O°C is quite 
complex (Kuhn , 1987), a lthough one might expec t et to be 
positive if there is enough short-wave radiation, due to low 
albedo, to offset the rela ti ve lack o[ turbulent-hea t Dux . 
Secondl y, the use of d a ily mean tempera ture [or the 
co rrelation implies a bias towards positive et because a ir 
tempera tures will be a bove O°C [or pa rt of a day and , a ll 
other things equal, th ere will be surface m elting e\'en if th e 
dail y m ean tempera ture is ze ro (Arnolcl and MacK ay, 
1964; Kuusisto , 1984) . Thirdl y, the intercept in Figure 2 is 
not signifi cantly different from zero (a t 95% confidence 
level) so et values of either sign can occur du e to statisti cal 
sampling from the popula tion from whi ch Figure 2 is 
drawn. Lastly, the appa rent non-linea rity of the a bl a ti o n~ 

tempera ture relati on " twists" the regressIOn line and 
forces et towards the nega ti ve. 

DEGREE-DAY FACTORS 

R eported positive degree-day [actors for ice and snow on 
various glaciers are summ a ri zed in T a ble 2. There is a 
broad agreement in d egree-day factors for ice except for a 
high value o[ 13.8mmd 1oC I found in Spitsbergen by 
Schytt (1964). Snow melt has a lower positi ve degree-day 
fac tor tha n ice melt. Simila r degree-day factors to those in 
T able 2 were round on N ordbogletscher fo r ice and snow, 
i. e. 7.2 and 2.5 mm d I QC I (Braithwaite and Olesen , 
1988). However, to furth er complicate things, Braithwaite 
and O lesen (1993 ) fo und different (ice ) degree-d ay 
fac tors on Qamanarssup se rmia for differ ent seasons: 
9.4 mm d I QC I [or September- M ay, 7.5 for J une~ 
August a nd 7.9 for the whole yea r. 

The varia tion of positi ve degree-d ay factors from 
Greenla nd is illustra ted in Figure 3 where ice ablati on is 
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Braithwaite: Positive degree-day factors f or ablation 
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Fig. 3. M onthly equivalent ice ablation on the Greenland 
ice sheet versus positive degree days fo r various sites . The 
straight line denotes a jJositive degree-day fac tor oj 8 mm 
cri QC-I ( H uybrechts and others, 1991) . 

plotted against positi ve degree-day sums from a number 
of recent studies. These a re: Q a manarss up sermia (21 
months) and N ordbogletscher (14 months) (Braithwaite 
and Olesen , 1989); GI MEX profi le eas t of S0ndre 
Stromfjord (Bintanja and o thers, 1990; van d e Wal, 
1992 ); Storstrommen profi le in northeast Greenland 
(Boggild and o th ers, 1994); EGIG Camp IV near the 
equilibrium line in Wes t Gree nla nd (Ambach , 1963 ); and 
and H ans T avsen iee cap, N orth Kronprins Christi an 
Land Greenla nd (Konze lm a nn a nd Braithwaite, 1995 ). 
The first two cases refer to m on thl y values between June 
and August, but peri ods o f m easurement a re irregul a r 
( 19- 53 d in summer) [or the o th er cases. In the interes ts o[ 
comparing like with like, th e la tter data have therefore 
been adjusted in both X and y coordina tes to monthl y 
equi valents ([o r 3 1 d ) before plo tting. 

The stra ight line in Figure 3 represents the d egree-day 
[ac tor of 8 mm d I QC I ass um ed by Hu ybrechts and 
o thers (1991 ) . The da ta from Qamanarss Ctp sermia and 

Table 2. Positive degree-day j aclors for ice and snow ablation on glaciers. Units are mm d I QC I 

Ice 

5.0~ 7 .0 
13.8 
6. 3 

5. 5 ± 2.3 
6.3 ± 1.0 

6.0 
7.7 
6.4 
6.0 
5. 5 
5.5 

Snow 

5.4 

3.0 
5.7 
4.4 
4.5 
4.0 
3.5 

Swiss glaciers 
Spitsbergen 
Store Supphellebre 
Gr. Aletschgle tscher 
Norway 
Arctic Canada 
Franz J ose[ G lacier 
Sa tujokull 
Nigardsbreen 
Alfotbreen 
Nigardsbreen 
H ellstugu breen 

Reference 

Kasser (1959 ) 
Sch ytt (1964) 
Orheim (1970) 
Lang a nd others (1976) 
Braithwaite (1977) 
Braithwaite (1981 ) 
Woo and Fitzharris (1992) 
J 6ha n nesson and others (1993) 
J6h a nnesson and others (1993) 
Laumann a nd R eeh ( 1993 ) 
Laumann and R eeh (1993 ) 
Lauma nn and R eeh (1993) 
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N ordbogletscher are evenly sca ttered around this straigh t 
line because it was actually based on these values (R eeh , 
199 1). The other points genera lly lie above the line, 
indica ting higher degree-day facto rs. Especially interes t­
ing a re the highes t degree-day fac tors for GIMEX profile, 
i. e. 22.2 and 20.1 mm d l ac I (Binta nj a and others, 1990; 
van de Wal, 1992), and 18.6 mmd l OCi for EGIG 
Ca mp IV (Ambach, 1963). 

There is obviously a rela tion between abla tion and 
positive degree-days but no indica ti on of a single universa l 
value. The error in measuring monthly ablation , a nd 
thereby positive degree-day facto r, is only about ± 10% so 
the outliers in Figure 3 cannot be dismissed as error 
devia tions from a general rul e. Th ese few data may be 
more representa tive of large parts of the ice shee t tha n 
outl et glaciers like Q amanarssllp se rmia and Nordbogle­
tscher, e.g . the upper ablation area (GIMEX profile a nd 
EGIG Camp IV) and northerly margin (Storstf0mmen 
a nd Kronprins Christi an Land ). I t is encouraging tha t 
la rge positive degree-d ay fac tors only occur with lower 
positi ve degree days (lower tempera tures) and there is no 
sign of high values a t high tempera tures. The high degree­
day factor found in Spi tsbcrgen by Schytt (1964) agrees 
with this pattern as it refers to low temperatures, i.e. 
30 deg d for a monthly mean tempera ture of about - 1.4°C. 

ENERGY -BALANCE MODELLING 

D aily a bla tion at' is also calcula ted from the energy­
bala nce eq uation: 

ut * = shft + Ihft + swrt + lwrt (8) 

where shft and Ihft a rc turbulent sensible- and latent-heat 
flu xes, and swrt and lwrt are the short-wave and long­
wave radiation fluxes, res pecti vely. H ea t conduction into 
the glacier surface and the specific heat of rainfall a re 
neglec ted compared with the above terms. For conven­
ience, all terms are expressed in a bla tion units, i. e. mm d I, 

numericall y equivalent to kg m 2 d I . 

On the basis of energy-balance studies in both the 
a bla tion and accumula tion areas of the Greenland ice 
shee t (Ambach, 1963 , 1977 ), Ambach (1986) proposed 
simpl e formulations fo r the turbulent-heat flu xes. The 
sensible- heat flu x is calcula ted from temperature a nd 
wind speed: 

(9) 

where P is a tmospheric pressure (ass umed constant for 
a ny site), I::!..Tt is the difference be tween daily mean air 
tempera ture above the glacier and the temperature of the 
glacier surface, and VI is the dail y mean wind speed . K s is 
a n exchange coeffi cient tha t, for a Prandtl-type neutral 
bound ary layer with logarithmic profil es for wind speed 
a nd temperature, is given by: 

wh ere cl' is the specific hea t of air a t constant pressure 
(1005Jkg 1oC I), k is von K arma n 's constant (0.41 ) , Po 
is the standard density of air ( 1. 29 kg m \ Po is the 
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standa rd a tmospheric pressure (1.01 3 x 105 Pal , Z is the 
instrument height (2 m in the present case) a nd ZOw and 
ZOT a re th e roughness pa ra meters for logarithmic wind 
and temperature profil es, respectively . The la tent-heat 
flu x is calculated from vapour-pressure a nd wind-speed 
data by: 

(11) 

where l:!. et is the difference between the va pour press ure 
of the air a nd the satura tion vapour pressure a t the glacier 
surface (611 Pa). For th e same assumptions as before, the 
excha nge coefficient is given by: 

where L is the latent hea t of evapora tion or sublimation 
as appropriate (2.514 x 106 or 2.849 x 106 J kg I ) and ZOe 

is the roughness parameter for the logarithmic profile of 
vapour pressure. The glacier surface is initially ass umed 
to be melting for each d ay of the simulations but the 
urface temperature is re-calcula ted ifit is not possible to 

ge t a positive energy ba la nce. Ambach (1986) assumes 
wind ro ughness lengths of 2 x 10 3 and I x 10- 4 m for ice 
and snow surfaces, respec ti vely, and roughness lengths for 
tempera ture and water vapour are 6 x 10 6 m for both ice 
and snow surfaces. Simila r equations to (10) and (12) 
have been used for modelling turbulent fluxes in snow­
melt studies (Wilson, 1941 ). 

Th e sh ort-wave radia tion flux in mm d- I 
IS: 

swrt = (1 - r) gt/0.335 (1 3) 

where r is a lbedo, gt is short-wave insola tion (MJ m 2 d I), 
and 0. 335 MJ kg- I is la tent hea t offusion . D aily insolation 
was measured a t both sta tions from 1981 onwards while 
for earlier years it was es timated from sunshine dura tion 
(Braithwaite and Olesen , 1990a). Ambach (1986) ass umes 
albedos of 0. 3 and 0.7 for ice and snow surfaces, respec­
ti vely. The long-wave radia tion flu x in mm d- I is given by: 

lwrt = [c;* (J (273.15 + T t )4 - 27.35]/0.335 (14) 

where c* is the effective emissivity of the clo ud y sky, (J is 
the Stefa n- Boltzmann constant, 273. 15 adjusts the air 
temperature to absolute temperature a nd 27. 35 MJ m 2 

d I is the outgoing long-wave radiation from the melting 
glacier surface. According to measurements on Axel 
Hei berg I sland , northern Ca nada (Ohmura, 1981 ), the 
effec tive emissivity is: 

where k is a constant (assumed equal to 0.26 here) and nt is 
dail y sunshine duration. Ohmura (1981 ) suggests that the 
tempera ture-dependence of effecti ve emissivity accounts for 
the increase in absolute humidity with temperature. 

Parallel with the abla tion measurements, the nature of 
the glacier surface (ice or snow) was noted and is used to 
choose the appropria te albedo and roughness parameters. 
The glacier surface is ice for most days in both data se ts, 
but traces of snow do occur for short periods with colder 
tempera tures . 
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The difference between observed a bla tion at and 
calcula ted a bla tion at' is d t = (at - at') a nd acco unts [or 
errors in bo th the da ta and the model. D efined in this 
way, d t has the nature o[ an extra (unspecified) energy­
balance component, and sta tisti c invo lving d t are a 
useful check on the accuracy of the da ta and the model. 

The ca lcula ted energy balance is summarized in 
T able 3 by means and stand a rd devia tions of the various 
tcrms. In both locations , short-wave ra di a tion is the 
major energy source followed by sensible-hea t Dux, while 
long-wa ve radi ati on is a hea t sink and la tent-heat Dux is, 
on ave rage, smal!. In con ventiona l terms, radia tion 
acco u n ts [o r abou t two- thi rds of abla tio n energy and 
turbulence acco unts for the o ther third. 

T able 3. Observed ablation and calculated energ)1 balance 
jar two sites, West Greenland. Units are mm d I. From 
Braithwaite and Olesen ( J990a) 

.YBG Q,AM 
(Stake 53) (Stake 751) 

Latitud e 6 1°28' N 64°28' ~ 

Altitude (m a .s.!' ) 880 790 
Days 4 15 51 2 
Observed a bla ti on 28.7 ± 20 .3 41. 5 ±29.1 
Sensibl e hea t 8.3 ±9.6 16.0± 13.4 
La tent hea t 0.6 ±4.8 - 1.5 ±8.9 
Short-wa ve radia tion 28.7±1 3.6 33 .1±16.2 
Long-wave radiation 8.3 ± 6.1 6 .4 ± 5.8 
Error 0.5± 13.6 0. 4± 18.9 

There a re substantia l e rro rs on a day-to-d ay basis in 
the energy-ba lance modelling, expressed by standa rd 
devia ti ons o[ ± 13.6 and ± 18 .9 mm d 1 [o r cll . Braithwaite 
and Olesen (1990a) sugges t tha t the main sources of error 
are ( I) erro rs of ± 10 to ± 20 mm d 1 in measuring dail y 
abla tion at, (2) va ria tions in ice albedo due to dust, surface 
water and formation of ' wea thering crust ', (3) under­
estimation of sensible-hea t Dux under fdhn-type wea ther, 
which more than offse ts th e error in vo lved in assuming 
neutral sta bility, and (4) neglect of hea t conducti on in to 
the ice . Th e first is probably the largest so urce of random 
error. This is because errors in the energy-ba lance model 
(cid and regression mod el (et) have nea rl y identical 
standa rd d evia tions, and the error in meas uring ablati on 
is the onl y source of error common to both a pproaches . 

ENERGY BALANCE AND DEGREE-DAY 
FACTORS 

The po iti ve degree-day factors [or observed ablation a t 
Nordbogletscher (415 d) and QamanarssLlp sermia (512 d ) 
are 7. 53 a nd 8.19mmd 1oC I , respec tively. Positi ve degree­
day facto rs for abla tion at' calcula ted wi th the energy 
balance a re remarkably similar to the prev ious ones with 
values o[ 7.6 7 and 8.12 mm d 1 °C I , res pec ti ve ly, for the 
two sites. The slightl y hig her deg ree-d ay factor for 

Braithwaite: Positive degree-day j actors for ablation 

Q amanarss up se rmia compared with Nordbogletscher is 
thereby demonstra ted [or bo th observed and simula ted 
a bla tion, and is th erefore explained by the energy balance. 

The above simulations used th e observed condition of 
the glacier surface each d ay to choose ice or snow 
pa rameters as a ppropria te. Further simula tions were 
m ade where the observed surface conditions were over­
ridden and th e energy balance wa calcula ted as if the 
g lacier surface were ice or snow [or every day, with all 
o ther variables left as before. These experiments imply 
tha t surface conditions can be cha nged without changing 
o ther clima te vari a bles althoug h there may be subtle feed­
back between surface conditions a nd cl imate variables so the 
experiment cannot be totall y reali sti c. 

Positive d egree-day facto rs [o r h ypothetical ice and 
snow surfaces a re shown in T a bl e 4 toge ther with those for 
observed abla tion and for the actu a l surface . D egree-d ay 
[ac tors for ice surfaces are som ewha t la rger tha n for actual 
surfaces, indica ting that even the traces of snow tha t 
occur during the summer ca use lower degree-d ay fac tors. 
(N ote that the va lues in T a bl e 4 are not statisti cally 
independent a nd confidence interva ls are not calcula ted. ) 
Bra ith wa ite a nd Olesen (1989 ) interpreted p ositi ve 
d egree-day factors for obse rved a bla ti on as essentially 
d escribing ice surfaces, but T a ble 4 shows tha t degree-day 
fac tors for ac tu a l urfaces a re slightl y lower tha n degree­
d ay fac tors [or (hypothetica l) ice surfaces . The difference 
between degree-d ay factors a t Q a manarss Llp sermia and 
N ordbogletscher is less for ice surfaces than for actual 
surfaces, sugges ting that the lower degree-day factor at 
N ordbogletseher (for the ac tua l surface) is pa rtl y due to 
th e higher [req uency of traces of snow. 

The effec t of rep lacing ice surfaces in the model with 
now is even more dramatic with positi\'e degree-day factors 

of onl y 36 44% of the corres ponding valu es for ice surfaces. 

T able 4. D egree-da)! f actors for observed data and JOT 
ablatioll simulated b)! the energ))-balallce model. Units are 
/lime! 1 0 C 1 

K BG' 
(Stake 53) 

Q.A M 
(Stake 751) 

D ays 4 15 5 12 
Obse rved da ta 7.53 8.19 

Si m ul a ted: 
Ice surface 8 .07 8. 32 

- Actual surface 7.6 7 8 . 12 
- Snow surface 2.89 3.67 

EX PERIMENTS WITH THE ENERGY-BALANCE 
MODEL 

Experiments were mad e by rc-running the energy­
ba la nce model under diffe rc n t co nd i ti ons to th ose 
measured . Th e m ain experimen ts were to assess (1) the 
effec ts of tempera ture changes a nd (2) the rela tive effects 
o f a lbedo and turbulence. 
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In the first experiment, the model was re-run with all 
daily temperatures shifted by 5 to + 5 °C in 1 °C steps, 
thus simulating a change in mean temperature. Wind 
speed , sunshine duration and global radiation were left 
unchanged for each day, and vapour pressure was adj usted 
to keep the rela tivc h umidi ty for each day the same as it 
was before the temperature change in the model. 

The ab lation is calculated from the energy balance for 
every day (415d at Nordbogletscher, 512 d at Qamanarss up 
se rmia), and the mean ab lation is then calculated for the 
whole sample . Figure 4 is obtained by plotting curves 
through the points representing mean ablation ra te versus 
summer temperature for both ice and snow surfaces. 
Summer temperature is the mean of June, July and 
August monthly temperature . Present climate conditions 
are represented by values of3 .7 and 5.0°C, respectively , at 
Nordbogletscher and Qamanarssup sermia. The abla tion-
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Fig. 4. Mean ablation rateJor June- August as aJuTlction 
oJ summer (June-August) mean temperature at Nord­
bogletseher and Qamandrssup sermia. (Simulation.) 

10 

temperature curve I S non-linear in agreement with 
Gutersohn (1936), Loewe (1971 ), Krenke (1975) and 
Ohmura and others (1992), but these authors suggest 
power-law relations while the present curves tend to 
straigh t lines at higher temperatures as the frequency of 
below-freezing temperatures is red uced. 

Positive degree-d ay factors (Fig. 5) are calcula ted from 
the simulated-a bla tion values (Fig. 4) by dividing them 
with the appropriate positive degree-day su ms. Th e 
degree-day factors for simulated ice abla tion (model 
a lbedo = 0.3 ) are high for low temperatures and fa ll 
rapidly with rising temperature as predicted by Ambach 
(1988) and by Equation (6) with positive a. The degree­
day curves for simulated snow ablation (model a lbedo 
= 0.7 ) show the opposite behaviour and , from Equation (6), 
it is tempting to ascribe this to nega tive values of a for snow. 

The effect of albedo variations on positive degree-day 
factors at Q am anarssup sermia (Fig. 6) is simulated by 
re-running the model with different values of model 
a lbedo while keeping the surface ro ughness the same as 
for ice. Res ults from ordbogletscher (not shown) are 
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10 

qualitatively similar. The greatest effect of albedo variations 
is a t lower temperatures, where the short-wave radiation is 
largest in relation to ab lation, and is red uced at higher 
temperatures. In terms of Equation (6), albedo affects the a 
factor (intercept). 

The effect of turbulence variations on positive degree­
day factors at Qamanarssup sermia (Fig. 7) is simulated 
by re-r unning the mod el with the turbulent sensible- a nd 
la tent-heat flu x terms re-scaled with factors of 0.5 to 1.5 
while a lbedo is kept the same as for ice (0.3 ). The scaling 
factors a re equivalen t to adj usting the mean wind speed 
by up to ±50% or to changing the surface roughness. 
R es ults from Nordbogletscher (not shown) are qualitatively 
similar . The grea tes t effect of turbulence variations is at 
higher temperatures, where the turbulent fluxes are largest in 
rela tion to ablation. In terms of Equation (6), turbulence 
affects the {3 factor (slope). 
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DISCUSSION 

10 

The scatter of points in Fig ure 3 shows th at a constant 
pos iti ve d egree-day factor of8 mm d 1oC I fo r melting ice 
(R eeh, 1991 ; Huybrech ts and others, 199 1) can be on ly 
a pproxima tel y correct and must be used with ca ution. 
Positi ve d egree-day factors can be grea ter tha n ass umed , 
especiall y a t the lower temperatures typical of the upper 
a blat ion a rea (C IMEX proGIe and EG IG Camp IV) and 
in the more northerl y pa rts of the ice sheet (Storstrommen 
and Kronprins Christian L a nd ) but there is no sign of 
high degree-d ay factors at high tempera tures. This means 
that the total runoff from the Greenland ice sheet might 
be a few tenths greate r tha n calculated by Huybrechts 
and others ( 1991 ). 

Acco rdi ng to presen t experiments, varia tions in 
positive d egree-day factors (Fig. 3) co uld be due to 
varia tions in albedo a nd turbulence, in agreement with 
\'an de VV a1 (1992, p.27 ) . L ow albedo may ex plain the 
very high valu es of positive d egree-d ay facto r a t lower 
temperatures, but if this is correc t the hig h degree-day 
facto rs decrease as temperature increases. 

R ema ining uncertainties abo ut degree-d ay factors can 
be reduced by ( I) better kn owledge of ablation va riations 
at grea ter eleva tions and in remoter parts o f the ice sheet, 
where th ere a re st ill too few d ata, (2) better knowledge of 
albedo varia tions, and (3) better unders tanding of tur­
bulence conditions. With res pect to ( I), ab lation measure­
ments a re planned for 1994-95 on the H a n ' T avsen Ice 
Cap in North Green la nd (Fig. I), which sho uld give the 
opportunity of stud ying a bla tion under ex treme condi­
tions. With res pect to (2) , progress is being made towards 
acc ura te measurement of clear-sky albed o by sa tellite 
(H ae fli ger a nd others, 1993) and maps of a lbedo 
variations may be available soon O\'er large pan s of the 
ice shee t . With res pect to (3) , detailed boundary-laye r 
studi es have been mad e recently (O erlem ans a nd Vug ts, 
1993; Ohmura and others, in press) and these ma y give a 
better understanding of turbulence, especia ll y in the stable 
boundary layer that is common over the ice shee t. 

Braithwaite: Posilive degree-day factors for ablation 

With better understanding of ablation conditions, 
a lbedo and turbu lence, it should be possib le to include a 
variab le positive degree-day fac tor in future ice-sheet 
models. At th e same time, better understanding in the 
areas mentioned will also make it easier to app ly energy­
bal ance models in the fu ture. 

CONCLUSIONS 

Positive degree-day factors, linking ice ablation to posltl\'e 
degree-day sums, are genera lly larger than the 8 mm 
d 1oC- I assumed by Huyb rechts and others (1991 ), and 
their es timate of runoff from the Greenland ice sh eet may 
be somewha t too small. The energy-bala nce m odel 
simulates realistic positi\'e d egree-day factors for ice 
ab lation and shows that the positive degree-day factor for 
snow is less than ha lf that (or ice. Even occasional traces of 
snow during the summer significantly lower degree-day 
factors. Posi tive degree-day factors vary with mean 
temperature, a lbedo and turbulence. There is evidence of 
high positi ve degree-day factors onl y at lower tempera­
tures, and not a t high tempera tures . R emaining uncertai n­
ties in degree-d ay factors can be reduced by ( I ) ablation 
data from parts of the ice sheet vvhere there are still too few 
data, (2) better general knowledge of albedo variations, 
and (3) better und ers tanding of turbulence conditions. 
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