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ABSTRACT. Simpl e m od e ls to ca lcul a te m elt a nd re freez in g arc reviewed. Bo th 
d egree-d ay a nd en ergy-bal a nce m od e ls Ca n gi\'e di s tributed mclt inputs to ice
d yn a mi cs m od els but h a \T o nl y bee n tes ted extensi\'e ly in \Ves t Gree nl a nd , a nd m o re 
d a ta a re n eed ed fro m th e re m o te r parts of Gree nl a nd. The en ergy-ba la nce m od e l is 
m o re rea li sti c but need s input d a ta th a t a re n o t ge ne ra ll y a \' a il a bl e OWl' th e \I 'h o le ice 
sh ee t. On th e o th er h a nd , d egree-day fac to rs \ 'a r v fro m situa ti on to situ a ti o n a ltho ug h 
a va lu e o f a bo ut 8 kg m 2 d I d eg I f~ r ice a bl a ti O'n is a reaso n a bl e first a pproxim a ti o n 
as ass um ed in recent ice-d yn a mi cs m od els . .\lc1twat e r rcrrcez in g in th e a cc umul a ti o n 
a rea can be m od ell ed vcry simpl y but m o re d e ta il ed p h ys ical m od els a rc need ed lO 

d esc ribe rh e shifts in acc umul a ti o n zon es und er diffe re nt clim a tes. 

INTRODUCTION 

Th e sp a ti a l di stributi o n a nd tim e \ 'a ri a ti o ns o f m ass 
ba la n ce a rc needed O\'er th c w h o le Gree nl a nd ice sh ee t as 
inputs lO ice-d y n a mi cs m od els. As such m od els must 

d cscribe th e d yn a mi cs of th e ice sh ee t under pas t, prese nt 

a nd (likely ) future clim a tes , th e m ass b a la nce must be 

m od e ll ed in te rms o f clim a te \ 'a ri a blcs, whi c h a rc 

th e m selves accessible to d irec t m eas ure m e nt a nd to 

m od elling. 
For rh e p u r poses o f th c present pape r , th e spec ifi c 

ba la nce b is g i\ 'c n b y 

b=c-a (1) 

where c is th e acc umul a ti o n a nd a is th e a bl a ti o n . 
Abl a ti o n is d e fin ed h ere as pos itiYe, because this is m o re 
co n ve ni ent th a n th e nega ti\T a bl a tion rccomme nd ed b y 

Ano n ym o us ( 1969 ) . The prese nt-d ay di s tributi o n o f 

acc umul a ti o n is reason a bl y we ll-kno wn (Ohmura a nd 

R ee h , 199 1) a nd th e prese nt pa per re\, ie\\ 's p rogress a nd 

pro blem s \\ 'ith calcul a ting th c a bl a ti o n compo n cnt of th c 
surface ba lancc. Abl a ti o n a is g i\ 'en b y 

CL = 7n - T (2) 

\I' he re m is th e m elt a nd T is th e refreezing o f mclt\l·a te r. 

tll"e lt can be calcul a ted fro m tempera ture d a ta by th e 

deg ree-d ay m od e l a nd fro m mo re exten si\'C clim a te d a ta 
b y th e e n ergy-ba la nce mode\. 

All qu a n titi es in Equ a ti o ns ( I ) a nd (2 ) a rc a nnual 

spec ifi c ba la n ces in kg m 2 a I (mm a \ a nd must d ep end 

expli c itl y o n c lim a te (a nd acc umul a ti o n if th a t is 

presc ribed ) . Th e sites o f recent a bla ti o n c lim a te studi es 

in Greenl a nd a rc sho wn in Fig u re 1. 

DEGREE-DA Y MODEL 

Th e d eg ree-d ay m od el lVas first suggcs tcd b y Finstc r
wa ld er a nd Sc hunk ( 1887 ) fo r a n Alpine g lac ie r a nd has 
bee n fi e ld- tes tcd in Gree nl a nd b y Bra ithll'a ite a nd Olese n 

( 1985 , 1989 ) a nd Bra ith\l'a it c ( 1995 b ) . Asid e from being 

used to pl a n h ydro powe r s ta ti o ns in Gree nl a nd (K ern

H a nse n, 1988 ; Bra ithwa ite a nd Tho m sen, 1989 ) , th e 

d egree-d ay m od e l is used to dri\'e ice-d yn a mi cs m od els o f 
N o rth e rn H emisphere ice shee ts Payn e a nd S ugd e n , 
1990; H u ybrechts a nd o th ers , 199 1; L e treguill y a nd 
o th ers, 199 1; Hu ybrechts, 1994; F a brc a nd o th e rs, 1995; 

Gre \ 'e a nd Hutte r , 1995 ; Hu ), brec ht s a nd T'sio bbcL 

1995 ) a nd to ca lcul a te th e effec ts of c1im a te c h a ngc o n 

wa te r resources in Scand in av ia Uoh a nn esso n a nd o th c rs, 
1993 ; L a um a nn a nd R ee h , 1993; Joh a nn esso n a nd o th ers, 
1995 ) . 

Th e m elt 7n a t a ce rta in point during a ce rt a in pe ri od 

IS g l\ 'e n Iw 

m = k.PDD (3) 

wh e re POD is th e sum of positi\'e te mpc ra tures a t th e 
sa m e po int fo r th e sa m e pe ri od a nd th e pa ra m e te r k is th e 

d egree-d ay fac to r . Strict ly speakin g, PDD sh o uld be 

ca lcula ted as th c pos iti vc sum of tempe ra ture seri es, e .g . 

d a ta coll ec ted se\ 'e ra l tim es in eac h day , but ca n be 

es tim a ted fro m m o nthl y (Bra itll\\'a it e, 1980 , 1985 ) o r 
a nnu a l tem pe ratures (R ee h , 199 1) . 

rfthe tOLalm elt m is mad e up o f sn ow m e lt 'Ins a nd ice 

m elt 711j, sepa ra te d egree-day fac to rs sh o uld be a ppli ed to 

th e two ph ascs: 

(4) 
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Fig. 1. Locations cif glaciological studies in Greenland 
rifened to ill the text. 

and 

where ks and ki a re degree-day factors [or snow and ice, 
res pec tively, a nd PDDs a nd PDDi a re d egree-day sums 
[or th e periods of snow a nd ice melt. 

The most recent compila ti on o[ field da ta from the 
sites in Figure 1 (Braithwaite, 1995 b) does not support a 
sing le and uni versa l degree-day fac to r [or ice a bla ti on, 
a lthough the value of 8 m m d- I d eg I , ass umed [or recent 

ice-d ynami cs modelling (Huybrech ts a nd o th ers, 199 1; 
Letreguill y a nd others, 199 1; Hu ybrechts, 1994), is a 
reasona ble lirst a pprox ima ti on. 

Th e degree-d ay factor for snow in Greenla nd is onl y 
a bo ut 40 % o [ th e fac to r fo r ice (T a bl e I ) whil e 
Scandinavia n glaciers show a higher va lue o[ abo ut 
70%. As energy-ba la nce modelling shows tha t d egree-day 
fac tors a re stro ngly controll ed by a lbedo (Bra ithwaite, 
1995b, lig. 6 ), the dilTerences in snow and ice d egree-d ay 
factors may refl ec t a sma ller a lbedo contras t on the 
Scan din av ia n g laciers th a n on th e two Gree nl a nd 
glac iers. 

ENERGY-BALANCE MODEL 

The melt m is calcula ted from the availa ble energy a t the 

ISO 

Table 1. Positive degree-day Jactors Jar ice and S/l OW 
ablation calculated by mass-balance ( A1 B ) and e/lergy
balance ( EB) modelling. Units are mm d I deg I . 

.'vJode/ h e Snow Ratio Reference 

( I ) (2) (2j1 ) 

Greentand 
Norclbogletsc her MB 7.2 ? " _. J 0.35 I 

EB 8. 1 2.9 0.36 2 
QamanarssLlp sermia MB 7.3 2.8 0. 38 3 

EB 8.3 3.7 0.44 2 
lee/and and NOr1.1 I(~)I 

Sa lujbkull MB 7.7 5.6 0. 73 3 
Niga rclsbreen MB 6.4 4.4· 0.69 3 

MB 5.5 4.0 0. 73 4 
A. lfotbreen MB 6.0 4.5 0.75 4 
Hellstugubreen MB 5.5 3.5 0 .64 4 

l. Bra ith wa ite and Olesen (1988) . 
2. Bra ithwa ite (1956) . 

3. J ohannesson and others ( 1995 ) 
4. La um ann a nd R eeh (1993) . 

g lacier surface and 

m L + gh = sw + lw + sh + lh , (6) 

where L is the la tent hea t a ffusion , gh is the ground hea t 
flu x, sw is the net shortwave radi a ti on, Lw is the net 
longwave radia tion , sh is the sensible-h ea t flux and Lh is 
the la tent-hea t flu x. 

D es pite the appa rent simpli city o f Equation (6), the 
energy ba la nce represents a complex of ph ysical processes 
(Pa terson, 1994, chapter 4 ) . The essence of energy
ba lance modelling is to es tima te each term in th e ba lance 
from a few simple clim a te elements, e.g. g lobal radi a ti on, 
cloud amount, air tempera ture, wind speed a nd humidity 
(Braithwa ite a nd Olesen, 1990) . H owever, even th ese 
simple d a ta a re no t ava il a ble over mos t of th e Greenland 
ice shee t a nd their pas t and future vari a ti ons a re ha rdly 
known. On e must therefore distinguish betwee n a model 
for a well-instrumented site (Braithwa ite and Olesen , 
1990; W al and Russe ll , 1994) a nd a mod el [or the whole 
ice shee t (O erlemans, 1991 ; W al and O erl emans, 1994), 
which requires furth er simplili cation to avoid using d a ta 
th a t a re not avail a ble. 

The a bove point can be illustra ted by a rela ti vely 
simple method to ca lcul a te sensible-h ea t flu x based on 
Ambach (1986) as modi li ed by Pa terson ( 1994, p . 65 ) a nd 
IS 

sh = (1.29 x 1O- 2)AP u(T - Ts) , (7) 

where A is a dimensionless transfer coefli cient, P is 
a tmospheri c pressure and u a nd T a re wind speed and 
tempera ture a couple of metres a bove the glacier surface. 
Ts is the surface tempera ture of th e glac ier, which is Doe 
for melting ice, a nd th e numeri cal facLor lumps toge ther 
some consta nts; see Pa terson (1994, p. 65 ) for details. 
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For neutra l turbul ence, the tra nsfer coe ffi cient is g iven 

by 

k2 

A =-;:-~-----:-o--;:---,---;----:-c: 
[In(z/ Zou )]. [In(z/ ZOT)] , 

(8) 

wh ere k is vo n K a rmen 's consta nt (0.4 1), Z is the 

instrument height , Zou is the surface ro ughness for wind 

speed a nd ZOT is the surface ro ughness for temperature. 
The approach ca n a lso be ex tend ed to sta ble turbulence 
by using log-linea r pro£il es instead of logarithmic profiles 
(t--Iunro, 1989; Bra ithwaite, 1995a) . A is of th e ord er of 
0.002 for ice a nd 0.001 for snow using the surface 

roug hn ess g iven by Ambach ( 1986 ). 
The va lidilY o f the a bove approach is still open to 

d eba te, espec ia ll y on th e ass umed wind a nd tempera ture 
pro fil es (Gra inge r a nd Lis ter, 1966 ) and choice of 
pa ra meters (Forrer and Rotach, 1994; H enneken, 1994; 

Ohmura and others, 1994), but it does o fTe r a rationa l 

way to ca lcula te sensible-hea t flux es from temperature 
a nd wind-speed d a ta . This is useful if these data are 
ava il a ble but th e wind-speed di stribution over the ice 
shee t is a lmos t unknown in contras l to the tempera ture 
distribution (Ohmura, 1987) . On e soluti on is to foll ow 
Kuhn ( 1979 ) a nd ca lcul a te se nsibl e-h ea t flux from 

tempera ture a lone so that 

(9) 

where Cl! is a bulk hea t-transfer coeffi cient. 
This bulk approach has been used in Greenland with 

Cl! va lues of 1 0- 1 5 Wm~2 K 1 (O erl emans, 199 1; O erle

m a ns a nd others, 1993; Wal a nd O erl emans, 1994) 
witho ut a ny discussion of the different va lues used , and 
presum a bl y th e Cl! va lues are found by model tuning. 
Comparison of Equations (7) and (9) suggest th a t the Cl! 

pa ra meter depends on mea n wind conditions and , as 
m ean wind speeds in Greenla nd lie in the ge neral range 

3- 8 m s 1 (Broeke and others, 1994; Kon zelmann a nd 
Bra ithwa ite, 1995), Cl! ma y va ry by more lh a n a fac tor of 
2, depending upon loca lit y a nd peri od . The bulk 
a pproach is pro bably valid but better documentati on 
a nd criti ca l tes ting a re need ed to be convincing . 

There is not enough space here for a criti cal discussion 

of the o ther energy-ba lance terms but th ere seems to be a 
simil a r pattern: simplified m e th od s a re need ed to 
ca lcul a te th e energy balance for the whole ice sheet but 
these meth ods should be criti ca ll y les ted and beller 
documented . This must be es pec ia ll y the case for the 
short wave radi a tion and a lbedo, where some highl y 

sophisti ca ted formulations a re used , a lthough o ne knows 
th a t there a re ve ry little da ta, e.g. K onze lma nn ( 1994) 
listed radiation d ata from on ly nine short-term sla tions in 
Greenland. 

MEL TWATER REFREEZING 

R efreez ing r is ge nerally small for a well-drained melting 
ice surface, wh ere water can run ofT before it has time to 
refreeze . H owever , m eltwater fi 'om a melting snow 
surface, e.g. as in the accumu la ti on a rea of th e ice sheet, 

infiltra tes the underl ying snow laye r a nd re freezes if or 
when it encounters cold snow. The tempera ture of the 

lower snow layer is ra ised by th e latent heat released by 

the refreez ing and may reach OCC, after which refreez ing 

ceases a t tha t le, ·el. Infiltra ting meltwa ter thereafter 
reaches in creas ing ly deeper laye rs until il is a ll refrozen, 
or until it meets an impermeable surface a t the melting 
point, a fter which it may fl ow la lerall y a long thi s surface . 

Th e concept of different zo nes in the accumulation 

a rea, developed by P. A. Shumskii , C. S. Benson and F. 

~1i.ill e r ( Pa rerso n , 1994, p. 9- 12) , is importa nt fo r 
mode lling refreez ing, a nd ice-sheet models must take 
acco unt of the shifts of these zo nes in response to clima te 
changes. Th e now of melt watcr wi thin cold snow in vok es 
a complex interpl ay of hydra uli cs a nd hea t tra nsfer 

(Colbeck, 1976; Tll a ngaseka re a nd o thers, 1990), but 
more conceptua l a pproaches ca n be ta ken (Pferfer a nd 
oth ers, 199 1; Bra i thwa i te a nd oth ers, 1994). Th e latter is 
summ a ri zed below. 

A surface layer o f firn is wetled by meltwater during 

the summer down to a certain d epth , below which the rirn 

rema ins dry a lthough it has been wetted in ea rlier yea rs. 

The d ensity a t th e bottom of thi s welled layer P2 IS a 
fun cti on of melt m a nd acc umul a ti on c a nd 

P2 = po /( ! - (m/c)), (6) 

where Po is the d ensity of surface snow before melting 

sta rts. Altern a tively, the melting m required to achieve 
th e density P2 is: 

m /c = (P2 - Po)/ P2' (7) 

Th ere is a run-off limit with in the lower acc umula ti on 
a rea o f th e Gree nland ice shee t, a bove wh ich a ll 

meltwater is refroz en so there is no run-off. At thi s run
off limil th e whole surface laye r of firn is comple tely 
wetted by the cnd of th e summer a nd the underl ying 
ma teri a l is imperm ea ble to meltwa ler, i. e. the d ensity P2 
refers lo ice . Th e run-off limit defin ed in th is way is a bove 
the firn limit as there is some run-off from within the firn 

area (LaChapell e, 1955), but th e wet firn layer must be 
fairly sha ll ow for run-oITto occur, i. e. not thicker than the 
few m etres of annual mel twate r penetra tion (Tra ba nt and 
M ayo, 1985) . 

Using the snow a nd ice densi ti es of 375 a nd 890 kg m 3 

(Bra i thwa i te a nd others, 1994) the rat io m/ c is about 0.6 

a t the run-off limit. V a lu es reported in th e literature are 

0.7 (Pfeffer a nd others , 1991 ), 0.6 wi thou t explanation 
(Hu ybrechts and o thers, 1991 ) a nd 0 .4 (Shumskii, 1964) , 
where differences mainl y refl ec t d iffe rent choices of 
density. The ab lat ion is given by 

a=O 
a = m - 0.6c 

m:::; 0.6c 

m > 0.6c . 
(8) 

t--'f e lt wa ler refreez i ng m ust be i ncl ud ed in ice-shee t mod els 
to ca lcula te th e correc t a ltitud e of the equilibrium line 
(ELA) , wh ere a = c. This occurs a t m = c without 

refreezing a nd at m= 1.6c with refreezing . The effec t of 

refreez ing in mass-balance models is to lower the ELA in 
W es t Gree nl a nd by 100- 200ma.s.1. 

Cons id ering the rem a ining un cert a inti es in modelling 
the mclt m, Equation (6) is pro ba bl y good enough to 

d esc ribe the ra pid densification in the nea r-surface rirn 

laye r due to refreez ing, a nd presum a bl y further d ensifi ca
tion a t g rea ter depths ca n be d esc ribed by dry-snow 
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m od e ls like th a t of H e n"on a nd L a ng w ay ( 1980) . 

H owever , thi s a pproac h ass um es that d ee per urn laye rs 

a re fa r below the m elting point whil e a trul y d yna mi c 

m od el, d ese ri bing th e e \ 'o l u li o n of th e Gree nl a nd ice shee t 

under a " a rie ty of diffe rent clim a tes, sho uld calc ulate urn 

tempera tures. For exa mpl e, co uld th e d eepe r urn laye rs 

be slowl y w a rmed up to the melting po int under a 
wa rm e r clima te, with a consequent increased run-o ff to 

th e sea? This can onl y be a nswe red b y a d e ta iled ph ys ica l 

m od el of refreez ing in th e near-surface urn layers, but 

such a model will be ha rd to verify due to th e prac ti ca l 

diffi cult y o f working in th e we t snow zo ne (Braithwa ite 

a nd L a te rn se r , 1993 ) . 

DISCUSSION 

Bo th d egree-d ay a nd energy-ba la nce m od els can g ive 
di stributed inputs to ice-d yna mics m odels but ha \ '(' o nl y 
been tes ted ex te nsivel y in W es t Gree nl a nd . Th e energy

balance m odel see ms m o re rea li sti c th a n th e degree-d ay 

model but need s input d a ta tha t a rc no t gen era ll y 

a \ 'ail a bl e O\'e r th e \I'ho le ice shee t, w hil e th e para m e ters 

in th e d egree-d ay m od e l can vary fro m o ne situ a ti o n to 

a no th e r. 
Th e m od e ls a re no t exclusive a lt e rn a ti ves but avail

a ble too ls fo r ice-shee t m od ell e rs. Fo r example, th e 

simul a ti o n o f d eg ree-d ay facto rs b y e n e rgy-ba la n ce 

m od elling (Bra ithwa ite, 1995 b ) sho ws ho w th e m od els 
can be used toge th e r. Nlo re fund a m enta ll y, bo th m odels 
will be improved b y d a ta co llec ti on in th e remoter p a rts 

o f Gree nl a nd , where conditi o ns a re less w ell kn own th a n 

in W es t Gree nl a nd. F o r example, reconn a issa nce ene rgy

ba la nce studi es in north Greenland sho w th a t sublima ti o n 

from th e g lac ier surface a nd hea t condu c ti on into th e ice 

a re both muc h large r th a n in W es t Gree nl a nd (T a ble 2 ), 
g rea tl y redu cing the energy th a t w o uld o th erwi se be 

a \ 'a il a ble fo r m elting . 

In additi o n to furth er d a ta fro m no rth Gree nl a nd 

(cold-dry) , similar studi es sho uld also be mad e in so uth

eas t Gree nl a nd (wa rm-we t) to sample a bla tion conditio ns 
in a humid en viro nm e nt. Th e in c reased incom e o f 
lo ng wave ra di a tion and hea t suppl y fro m co ndensa ti o n 

pro ba bl y ca uses increased a bl a tion th e re . 

Extra d a ta co ll ec ti o ns ri"o m bo th north a nd south-cas t 

Gree nla nd a re proba bly a minimum requirem e nt fo r 

models to d esc ribe full y th e di ve rse conditions fo und ove r 

the present Gree nl a nd ice shee t , a nd w hi ch must ha \ 'e 
prevail ed a t diffe re nt p eri od s in tb e pas t. In v iew o f th e 
expense a nd logistic difTi c ulti es o f wo rking in rem o te 

a rea s, lo ng-te rm prog ra mm es o f m ass-ba lan ce m eas ure

m ents (with litt le or no pa ra ll e l coll ec tio n of m e teo ro lo

g ical d a ta ) as in th e Alps a nd in Sca ndin av ia are no t 
recomm end ed. A g rea ter re turn o n in ves tm e nts will be 
ac hi e \ 'Cd b y re la ti vel y sho rt peri od s o f d eta il ed m eas ure
m e nts of a bl a ti o n a nd clima te, e ither o n a reconnaissance 

bas is (K o nze lma nn and Bra ithwa ite, 1995 ) or in the fo rm 

o f [ull g lac ier- m e teo rology expe rim ents (O erlemans a nd 

Vug ts, 1993; Ohmura a nd o th ers, 1994 ) . 

The ca lcul a tio n o f m e lt within hi g h reso lution G C \Is 
(g lo ba l clim a te models) will soo n be rea li sti c (Ohmura 
a nd others, 1994) but , he re aga in , it w il l be necessa ry to 
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Tab le 2. Ca/ClIlaled energy balance ( Ill" 111 2) a! Jollr sites 
in Creel/ land: ./\ 'o l'dboglelselzer (NBe; ) , QsI111mlarwlp 
sermia ( QtJJI! ), ilroll/Jrills Chrislian Lalld ( KPCL ) and 
HailS T al/Sell Ice Cap ( HTIC) 

,NBG Qjli'v/ ft"PCL HTlC 

La titud e N 6 1 64 80 83 
D ays 4 15 5 12 20 35 
Altitude (Ill a,s .1. ) 880 790 380 540 

R eference 2 3 
Shorl-wa \'C radiati on III 128 165 11 6 
Long-wa\'e radi a ti on - 32 - 25 -43 32 
Sensibk-hea t nux 32 62 88 27 
La tenl-h ea t nux 2 - 6 - 36 24 
U nex pla ined - 2 2 2 I 

Abla ti on III 16 1 158 71 

Ground-h ea t Oux 0) O? 18 18 

I. Bra ithwa ite a nd O lese n ( 1990 ) . 
2 . K o nze lmann and Bra ith waite ( 1995 ) . 

3 . G eologica l Survey o f Greenland (unpublish ed d a ta ) . 

tes t th e results with d a ta from diffe rent parts o [ Gree n
la nd. R em o te se nsing can a lso be ex pec ted to play a pa rt, 
e.g. [o r m a pping la rge-scal e a lbedo va ri a tions ( H ae Oi ge r 

and o th ers, 199 3) . 
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