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ABSTRACT, A d eg ree-d ay m od e l a nd a n energy-ba la nce m od e l [o r th e 
Gree nl a nd ice shee t a re compa red, The t\\'o mod els a rc compa red a t a g r id with 
20 km spac ing , Input ro r bo th m odel s is e1 e\'a ti on , la titud e a nd acc umul a ti on , The 
Ill od els ca lcul a te th e a nnua l a bla ti on O\'C r th e entire ice shee t. A lth o ug h on th e wh ole 
th e two m ode ls yie ld simil a r res ults, depending on th e tuning of th e m od els, regiona l 
di scre pa nc ies o f up to 45% occur, es pecia ll y fo r no rth crn Greenland. The p erfo rm a nce 
of th e two types o f'm od el is e\'a lua ted b y compa rin g th e m od e l res ults with th e spa rsely 
a\'Clilab\c (long-te rm ) m ass-ba la nce m easurem ents, R es ults show th a t th e ene rgy­
balan ce mod el tends to predi c t a m ore acc ura te m ass-ba la nce g radi ent with e \c\'a ti on 
th a n d oes th e degree-da y m od e l. 

S ince so littl e is kn own a bo ut th e present-d a y clima te o r th e ice shee t, it is more 
useful to consider th e se nsiti\'i tv of th e a bla ti on to \'a ri o us clima te elem ents th a n to 
co nside r th e ac tu a l present-da)' a bl a ti o n . R es ults sho\\' th a t fo r a I K tempera ture 

I)e rturba tion , sea -le\ 'CI ri se is 0,31 mill \'ea r I fo r th e energ\'-ba la nce m od el a nd I . ... ~ . 
0,34 mm yea r fo r th e d egree-day m od e l. Afte r tunin g th e d eg ree-day mod el to a \'a lue 
o r th e a bl a ti on , equi va lent to tit e a bl a ti on ca lcula ted b y th c energy-ba lan ce model , 
se nsiti v it y or the d egree-d ay mode l increases to O,37 mm sea-I e\'e l cha nge per >'ear, This 
m ca ns th a t th e se nsiti\ 'ity o f'th e d egree-d ay mod el ro r a I K tempera ture perturba ti on is 
a bout 20% hi gher th a n th e se nsiti\ 'it y o f' th e energy-ba la nce m od e l. Ano th er se t o f' 
ex perim ents sho\\'s th a t th e se nsiti\'it y o f th e abl a ti on is d epend ent on th e magnitude of 
th e tempera ture pe rturba ti on fo r th e t\\'o mod els. Bo th m od els sho\\' a n increasing 
se nsiti\'it y per d egree ro r la rger penurba ti ons. Th e in crease in th e se nsiti\it y is large r fo r 
th e d egree-day mod el th a n ror th e energy-ba la nce m od el. Th e dirrerences in th e 
se nsiti\'it y a rc m a inl y co ncentra ted in th e so uth ern parts o f th e ice shee l. 

Expe rim ents fo r th e Bell agio tem Jlera ture scen a ri o, O,3°C increase in tempera ture 
pe r d ecad e, lead s to sea-le\ 'e l ri se o r 4,4 cm 0 \ '(' 1' a peri od o r 100 yea rs ro r th e en ergy­
ba la nce m od e l. Th e degree-d ay m od e l predi c ts fo r th e sa m e fo rc ing a 5,8 cm ri se which 
is abo ut 32% hi g he r th a n th e res u lt o f th e energy-ba la nce m od el. 

INTRODUCTION of limited \'a lue beca use in ge ne ra l no future scena ri os fo r 

cha nges in clo udiness, clo ud height , wind speed , re la ti\'e 

humidit y a nd o th e r \ 'a riabl es are a\'a il a ble U6 ha nn esson 

a nd o th ers, 1993 ), A seco nd di sa d va nt age is th a t 
computa ti on or th e energy ba la ncc O\'e r a whole ice shce t 
is complica ted beca use no t much info rm a ti on is ava il a bl e 
a \\'a)' rrom m easurem ent sites (j6ha nnesso n a nd o th ers , 

1993 ). This di sach-a ntage ca n , hO\\'(' \ 'e r, be turned in to a n 

ad\'antage because th e use o f \ 'a ri o us m e teoro logica l 

in put pa ra m e ters a ll o\\'s a m ore so phis ti ca ted sensi ti \ 'it y 
a na lys is o f' a n a bl a ti o n m ode \. Th e aJo rem enti o nec\ 
d isad v<\ n tagcs, toge t her \\'i rh t he lo ng co m pu ta ti o n ti m es 
required , justifi ed th e co nsid era tio n of simplifi ca ti ons in 

th e pas t. 

T he response of ice shee ts to clim a te fo rcing is co m pli­

ca ted a nd d epends o n th e inte rac ti o n be twee n ice (1 ow, ice 
tempera ture alld bedroc k adjustment. '\l a n )' a ttempts 
ha \'e bee n mad e to model th e d yna mi cs o r ice (1 0\\'; th ese 
have ra nged rro m simple to m a th em a ti ca ll y rigo rous 

trea tments, The success of such simula ti ons is d e termined 

la rge ly by th e acc uracy with which th e m ass-bal a nce 
hi story can be reco nstru cted o r fo rmula ted (e,g , G reuell. 
1992; \'V a l a nd O eri em a ns, 1995 ). During t he las t decad e, 
se\'e ra l m ass-ba la nce mod els ha\'(' been de\'eloped in 

o rd er to es tim a te th e errec t o f clima te cha nge , Th e m od els 

foc us on th e fo rmu la ti on of th e a bl a ti on , whi ch ph ys ica ll y 

is d e termined to a la rge extent b y th e energy ba la nce of 

th e surface in summer (e,g , Ambac h , 1963). It th erero re 
seem s ad\'i sa bl e th a t in m od elling a bl a ti on one sho uld 
sta rt by ca lcula ting th e surface-ene rgy budge t (O e rlc­
m a ns, 1993 ), There arc, howe\'C r , se\ 'e ra l reaso ns ror 

choos ing a no th er a pproac h. The use o f' ene rgy-ba lance 

mod els in clim a te-cha nge expe rim ents is co nside red to be 

36 

From a s ta tis ti ca l po int of \'ie\\' , it ca n be sho \\'n th a t 

at spec ifi c sites th ere is a hig h co rrela ti on be twee n th e 
pos iti\'(' d cg ree-d ays a nd a bla ti on a t \\'es t Gree nl a nd icc­
ma rg in loca ti o ns (Bra ith wa ite and Olese n , 1985 ). For thi s 
reason, a bl a ti on m od els ha \'e been deve lo ped based 

entirely on th e tempera ture, so-ca lled d egree-d ay m odel s, 

These m od els calcul a te the a bla ti on based upon m ean 
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r'all de " '01: .1!a.I,I-balallce lIIoddlillg oJ the Dremland ire .Ihl'l't 

m od e l is th t' ust' o r th e bes t-kn o \\' n m e teo ro lug ica l 

pa ram e ter. To judge \\ 'he th er th e tempera ture fi e ld used 

is re li a ble . I\'C' co nsid er th e a ppli cd tempe rature distribu­

ti o n ro r th e G ree nl a nd ice slwe ( prese nt ed il\' Ohlllura 
1987 1 a nd dig iti zed b y Le trcguill y a nd o thers 199 1 . 

Ohmura 1987 ) prese ntcd a ne\\' sct 0 [' m o nthl y a nd 

annu a l temperature maps, usin g a ll <.\ I·ail a ble da ta and 

redu cin g th em to a s ta nd a rd peri od ( 195 1- 60 1. R ee h 

199 1) a nd H u y breeh ts a nd o th e rs 199 1) prese nt ed a 
pa ra m e te ri za ti o n o r th ese d a ta in te rms or lat itud e qJ 

a nd elCl'a ti o n (11 ,) . Fig ure I a summ a ri zes th e di s tributi o n 
or th e ice -shee t po in ts ( 18 a ltogethe r ) used to \ 'alida te th e 

pa ra m e teri z<l ti o n o f' th e Juh' temperature (Ohmura, 

1987 1. Thi s fi g ure sho\\'s th a t m os t sta ti o ns a re loca ted 

in ccntra l parts. hig her up o n th e ice shee l. I f' \IT a rc 
inte res ted in usin g a pa ra m c teri za ti o n o f'th e tempera ture 
to ca lc ulat c the ablati o n. wc ass um e the pa ram e teri z<1ti o n s-' 
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b is acc ura tc fo r a t)Vi ca l ablati o n a rea as sho wn in Fig urc 

la , Clea rl y. no m easurem e nt s \\T re a l 'a il a bl e in th e pa n 

th a t is th c m os t inte res tin g 1'0 1' a bl a ti o n ca leul a ti o n , Fo r 

th e p a ra m c tcri z<l tion o r th e a nnu a l m ca n tempera ture. 
e\"(' n f(o\lT r d a ta a rc a\'a il a blc th a n Co r th e pa rame tcri za ­
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Fig, I. All (I1 'ailab/e lIIollth( J' meall .JII(), tem/Nm tllre 
IIlea.llIrellleJIl.1 aj a.fill/rliOIl of la lilllde alld l'Ie1'(/liollJor Ih e 
(;rtl'll/alld ia .Ihal ( a) ( Olllnllm . 1987) . T he IIlea.II II N/ 
and jJarrllnell'ri.:::ed /llea ll all/lllal air lelll/Jemlllre Jor the 
C;remlalld ice .Ihal ( b) . T he OjJfII cirde.1 shou' all 

aNlilab/e alllll/al meall temjJemture measurements, 

o 

a nnu a l a ll' tClllpe ratu re a nd sUllllll e r a ir tc mpcra ture, 
H e rc \I 'e [0 11 0\1' th e a pproa ch prese ntcd b y R ee h ( 199 1) , 

i\n o b\·io us pro blem \I'ith th cse m od els is th a t if' th e m ea n 

temperature o f' th e warmest m o nth is Ix' lo \l' zero no 

a bl a ti o n occ urs, \I·he reas it is like h- that th e re are d ays 

\I'ith a bl a ti o n. This mig ht be due to th e d a il y cycle in th e 
tempe ra ture as \l'e ll as to ra nd o m \ 'ari a ti o ns in th t' 
te mpera ture o r to a pos iti\"(' net ra cli a ti o n. T o a cco unt fo r 
thi s o b\ 'io us sho rtcoming a s toc has ti c te rm is i III rod uccd. 

\I 'hi c h is co nsta nt O\Tr th e e ntire d o m a in . It sho uld , 

hOl\'(· \ 'e r . be no ti ced th a t fo r in sta nce fo r Grcenland th e 

diurna l c\T Ic o f' th e tempera ture is a bo ut 15 C in th e 
ee ntra l pa rt s o f' th c ice sheet. \I·hneas this is o nl y 4 C nea r 
th e ice m a rg in in sumlller (Putnins, 19 70; Broe ke and 

others, 1994). ,\ seco nd simplifi cation o f' rea lit y is th e 

co nsta nt d egree-day fac to rs fo r sno w and ice (Hu ybrec hts 

a nd o th ers. 199 1; R eeh. 199 1; Fa bre a nd o th ers. 1995 
re prese ntin g th e diflc rc nce in a lbed o betwee n snO\\' a nd 
ice . In realit y. albeclo I"ariati o ns a rc o bserl'('d fi 'o lll place 
to place as \1"(' 11 as in th e coursc o f' (he seaso ll (e .g . \\ 'al 

a nd O eri emans, 199+), 
Ob\'io usly, a d eg ree-d ay m od e l fo rmulatio n and 

e nerg y- balan ce modcl s can be criti c ized o n st'lT ra l 

g rounds, 1-10\1"(' \'(' 1'. th e main a eh-antage o r a deg ree-da\' 

On th e bas is o f thi s limited kn Old ed ge, o nc ca n 

th erefo re o nl y conclud e th a t th e insig ht into th e " bes t­

kn O\\"I1 " m c tco ro logica l pa ra m e ter is \"C ry poo r. In o th er 

\l'o rd s. a t th e m o m e nt th e m a in <teh-a nta ge o f d egrt't' -d ay 
m od e ls sufl e rs i'rolll th e m a in di sad va ntage 01' en erg \'­
ba la n ce m od e ls. i .e . limit ed insig ht in to th e input 

I"aria bles . Thi s m ea ns th a t th e c ho ice o f' m od c l to 

calculate th e a bl a ti on is Lt co nceptua l c ho icc ra th e r th a n 

a firml y ph ysica lly based o nc. Since th e choi ce is no t 

o b\·io us a nd bo th m c th od s a rc used nowad a )'S, it s('ems 
\I'o rth\l'hilc to comparc th elll, 

In thi s pa per a n a tt c mpt IS m a d e to compare a nd 
e~pl ain th e na ture or th e o bsc rl 'ed di screpancies be t\l'Cc n 

a d egree-d ay m od el a nd a n energ y-ba la nce m odel fo r the 

Greenland ice shee t. The m od el res ults arc al so compa red 

\I 'ith th e sparsc m ass-ba la nce meas urcm e nts. Gi \"(' n th e 
limited insig ht into th e presc nt-d a\" c limate o f th e ice 
sheet . it ma y be m ore use l'ul to consid er th e se nsiti l" it y o f' 

th e a blati o n to \ 'ari o us clima te \ 'a riabl es th a n th e ac tu a l 

present-day a blation di s tributi o n . There fo re. som e C~­

perim ent s \I'ill be presented fo r dilTerenl c lim a te sce na ri os, 

ANAL YSES OF THE PRESENT STATE 

. \ fC\l' e nerg \ '-balance m odel s a nd d eg rec-d a y m od e ls 

cxi st. T o simpliry a compa ri so n. th e m os t logical c ho ice is 

to use th ose m odel s \I 'hi c h haw' th e sa m e 1('1'('1 o f d eta il in 
tim e and space . Th e first uni\ T rsa l d eg ree-d ay m od el is 
th e o n t' presc nt cd b\' R ee h ( 199 1) and th e second o nc is 

th e \ 'e rsio n prese nt ed b y Hu\'brec ht s a nd o th e rs ( 1991 ) 
Isee :-\ppe ndi ~ )' Th e gUI'<.' rnin g equa ti o ns o f th e t\ \'O 

d egree-da y m od e ls a rc e ntirely simil a r but dine-rent 

consta nt s a rc used, Th e t \l'O m odel s a re compa red in 

the Appcmli ~ . R ee h \ 199 1) used th e Illodel to ca lcul a tc 
the a b la tion a lo ll g Cl [(. \\ . spcci li e profiles (6 IN. 64.5 N. 
69 .5 ~ a nd 77 :\" ) and comparcd th e res ult s \I'ith 

m casured m ass-ba lance e1 e \ '<lli o n re la ti o nships. Hu\'­

brechts and o th ers 199 11 used th e m ode l on a g rid \I' ith 

:20 km spac in g to calcu lat e th e abl a ti o n o\T r th e e ntire ice 
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Fig. 2. D istribution oJ grid /Join ls over the ice sheet as a 

Junction oJ latitude (cP) and elevation (h). The line gives 
an estimate oJ the ooe isotherm in Ju ly calculated with a 
simjJle parameteriza tioll (h (TJuiy= O) = 5960- 66 x <p) 
presented by Reeh ( 1991) . 

shee t. In this comparison we want to combine these two 
ideas. First, we are interes ted in the abla ti on over the 
entire ice shee t, and secondl y we believe that a com­
parison of calcul a ted a nd meas ured mass-ba la nce profil es 
is the bes t method of validating a bl a tion models. For this 
purpose, we use the mod el of R eeh (1991 ) on a grid with 
20 km spacing. This g rid spacing is chosen beca use a 
version of an energy-ba la nce model (Wal and Oerlemans, 
1994) used almost the same grid. In this way, two mod els 
with the same resolution in space can be compared. 

The energy-balance model has a time step of only 

40 min in ord er to calcu late complete dai ly cycles. The 
degree-day model uses month ly mean values as input. 
Because no c1imatological ablation profiles in the course 
of the a bla tion season a re available, onl y annual a bl a tion 
wi ll be compared between the two models. I f th e mass 
ba lance is presented in this paper, then the accumulation 
distribution presented by Ohmura a nd R eeh (1 991 ) has 
been add ed to the calcu lated a blation. The eq uations and 
constants of the energy-balance mod el as used in this 
stud y a re identi cal to those in th e reference experiment 
described by Wal and O erlemans ( 1994) . This model is 
a n ex tension of the energy-ba lance model presented by 

O erl emans ( 1991 ) . The malll differences a re the more 
d eta iled desc ription of the a lbed o a nd a higher resolution 
in tim e and space. In the energy-ba lance model, the 
albedo parameteriza tion is formulated as a fun ction of 
snow depth, snow age a nd water content of the surface. 
Th e time-scale for run-off of mel twa ter is taken to be 
constant. 

Input for both models is elevation, la titude and 
acc umula ti on on a regular grid with a 20 km spac ing 
(H uybrech ts a nd o thers, 1991 ; Letreguil ly a nd o thers, 
1991 ) . Altogether, thi s gives 4177 gr id points with ice 

cover, representing 1.67 x 106 km2 An impress ion of the 
distribution of the grid points is given in Figure 2 as a 
fun ction of the eleva tion a nd la titude. Tt can be observed 
that th e majority of the g rid points are located a t a higher 
elevation, whi ch is a direct conseq uence of the geometry 
of the ice shee t. The righthand sid e of the figu re shows a 

north- south cross-section over the ice di vide , indica ting 
the two-dome (63° Nand 72° N) struc ture. 

It shou ld firs t be no ted that th e temperature 
pa ra meteriza tions in th e degree-d ay mode l a nd the 
energy-ba la nce model a re not identica l. The energy­

bal ance model fo llows th e formu la tion for temperature 

presented by Huybrechts a nd others (1991 ), whereas the 
d eg ree-d a y model fo llows th e form ula tion by R eeh 
(1991 ) . As can be seen in th e Appendix for the two 
degree-d ay models this migh t lead to ra ther different 
results. 

The Greenland ice sheet can be characterized by four 
c1ima tologicallatitudina l zones as shown in Table I . The 
sou thernmos t area can be regarded as the wa rm wet 
sec tor, the zone from 65° to 700 N as wa rm and dry, and 
th e two northern zones as co ld and dry. Al though we 
realize that this la titudina l separa tion is a rbitrary a nd a 

simplification of the variou climate zones, the separation 
turns out to be usefu l fo r und ers tanding the obse rved 
differences in the calcula ti ons. 

A first bulk comparison between the degree-day a nd 
energy-balance models is the size of the a bla ti on a rea. If 
we consid er the reference cases for both mod els, we 
observe that in the d egree-d ay model 10.5 % of the 
modelled ice shee t is a bla tion area, whereas the energy­
balance model pred icts 12.7 % . More im portan t is tha t we 
observed tha t both a reas ove rlap. Of the 532 grid points 
which belong to the ablation area in th e energy-bala nce 

model, 4 17 points (i. e. 80 % ) a lso belong to the ablation 

Table 1. Climatological characterization if the ablation zone if the Greenland ice sheet. To com/Jose the table, the grid 
/Joints used are those where there is ablation in one of the two models. Note that this selection is not identical to the ablation 
zone if one if the models 

Zones Number oJ 1\1/ ean elevation 
points 

ON m a.s. l. 

60- 65 2 15 1492 
65- 70 306 1328 
70- 75 167 1262 
> 75 338 879 

38 

1\11 ean annual M ean July 
temperature temjJera ture 

°C QC 

- 10.6 2.2 
- 12.7 1. 2 
- 16.0 - 0.6 
- 17.5 - 0.6 

M ean accumul-
at ion 

mw. e. 

0.92 
0.42 
0.26 
0.22 

Classification 

Warm a nd wet 
Warm a nd dry 
Cold a nd dry 
Cold a nd dry 

https://doi.org/10.3189/S0260305500013239 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013239


ai 
~ 

5 
Qi 
-0 
0 
E 
Q) 
u c 

'" (ij 
.0 
>. 
0) 

Q; 
c 
Q) 

c 
0 

.~ 

:0 

'" 

8 

7 

6 

5 o o 

4 
o 

3 

2 

0 
0 2 3 4 5 6 7 

ablation degree-day model (m w.e. ) 
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o 

8 

a rea in the d egree-d a y mod el. The disc repa ncy in th e size 
is pro ba bly due to a higher mea n a bla ti on for the energy­
ba la nce mod el, whi ch produces more points in the 
a bl a tion area higher up on the ice shee t. This result 
should , however, be considered with some scepticism 
beca use the acc umul a tion distribution is iden ti ca l for 
bo th models, which means th a t sma ll differences in 

a bla tion a re overrul ed by the acc umula ti on. A more 
straightforward comparison is give n in Figure 3. In this 
fi gure, the a bl a ti on o[ th e energy-ba lance mod el is plo tted 
as a functi on of the a bla ti on of the degree-d ay model [o r 
all points. T he fi gure a lso shows tha t there is a tendency 
towa rds high ab la ti on va lues for the energy-ba lance 
mod el if the ab la tion is sma ll , and towards higher 
ablat ion values for the d egree-day mod el if the a bla ti on 
is la rge. Summing a ll points o[ both mod els gives a 14% 
higher a bla ti on for the energy-ba la nce model th an for the 
d egree-d ay model , It is interes ting to see wheth er the 
differences between bo th mod els a re res tri cted to specific 
a reas of the ice shee t. In T a ble 2 res ults for both mod els 
a re given for different la titudin a l zones. It can be seen 
tha t the energy-balance m odel p roduces a higher a bla ti on 
in the northern areas. This seems to be in agreement with 
Fig ure 3, beca use these a reas a re cha rac teri zed b y 
rela ti ve ly low values for the a bla tion (a t leas t compared 
to the warm low-lying points in south Greenla nd ). I t can 

Van de f Val : JI;[ass-balance modelling oJ the Greenland ire sheet 
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Fig. 4. The ablation as a junction of the mean J uly 
tem/mature. (a) EBM ; ( b) PDD . 

also be observed in T a ble 2 th a t, a lthough the mea n 

a bla tion is la rger in the southern zones, a significant 
a bsolute contri bution origina tes from the northern zo nes. 

F igure 4 shows th e a bla ti on in bo th mod els as a 
fun ction of the mean Jul y tempera ture. The d egree-d ay 
mod el shows some li nes du e to fo rmul a ti on of th e 
la titudina l va ri a ti on of th e temperature-eleva ti on g radi­

ent. This fi gure shows a la rge r sca tter for the energy-

Table 2. Z onal distribution o.f the ablation oJ the Greenland ice sheet J ar a degree-dc!)1 model (P DD ) versioll ( Reeh, 1991) 
and an energy-balance mndel ( EBM) ( Wal and Oerfemans, 1994) . T o compose the table, the grid points used are those 
where there is ablation in one of the two models. V is the volume oj the ablation and Iv! the mean ablation 

Zones N umber oJ points PDD model 

V M 

ON 10 1 I m3w.e. mw. e. 

60- 65 215 0.68 0.79 
65- 70 306 1.1 5 0.94 
70- 75 167 0. 3 1 0. 46 
> 75 338 0.64 0.47 

T ota l 1026 2. 78 

EBM model 

V M 

lOl l m 3 w.e. mw. e. 

0.71 0.83 
1.10 0.90 
0.42 0.63 
0.93 0.69 

3. 16 

EBM- PDD jPDD 

V 

+ 4% 
- 14% 

+38% 
+46% 

+ 14% 
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r'an de II 'af : J\1ass-balanrf lIIodelling qf the Creel/land ice sheet 
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Fig, 5, T he ab/atioll jJer fatiLlIdi llaf ::.o ll e scafed b.v the 
ab/atioll ill t/ie riferellce njJerillleJl/' T he Jigll re ShOl('S a 
decreasing contribution oJ t/ie turbulent ,11/11 towards the 

north, 

ba la nce m od e l, es pec ia ll y if' th e a bl a ti on is low, Th e 
a blat ion in th e energy-ba la nce mod el is due pa rtl y to a 

direct tempera ture e ffec t \ 'ia th e turbulent hea t flu x but 

a lso to th e ne t radia ti o n ba la nce , This m ea ns th a t e\'('n if' 

th e .J ul y tempera ture is helow ze ro, a bl a ti on mi g ht occ ur, 
d epending on th e ne t radi a ti o n, A hig h.J ul y tempera ture, 
O il th e o th e r ha nd , mi g ht res ult in \ 'e ry limited a bl a ti on 
beca use of a nega ti ve ne t radi a ti on , Th e combina ti on o f' 

th ese two e ffec ts ex pl a ins th e large r sca tter in th e ene rgy­

ba la nce mod e l ro r low abla ti on \·a lu es. It helps us to 

expl a in th e obsen Td diffe rences be twce n th e m odel s. 
The difference ca n be unde rstood if' \\'e co nsider th e 

contributio n of' th e turbul ent hea l flu x to th e to ta l 
a bl at io n, th e " direc t tempera ture eflec t" . Fig ure 5 shows 

th e zo na l distributi on o f' th e a bl a ti o n 1'0 1' a n ex pe rim ent 

\\'ith no turbulen t hea t flu x but keep ing th e a lbed o 

identi ca l to th e refe rence ex pe rim ent. Fo r th e south e rn 
a reas , wh ere a bo ut 50 % of th c a bl a ti on is due to th c 
turbul ent hea t flu x, th e two m od els yield compara blc 

res ults. ] n th e no rth e rn a reas, wh e re th e positi ve n e t 

radi a ti on ba la nce is m ore importa nt ror th e a bla ti on (d ue 

to the low clo ud a m o unt) , th e ene rgy- ba la nce m od el 
pred icts m ore a blat ion , D egree-day mod els ca n onl y 
pred ict signifi can t a bl a ti o n in th e no rth e rn a reas if ve ry 
hi g h ",dues le) r th e s toch asti c te rm a re ass umed , which 
wo uld produce unreali sti ca ll y hi g h a bl a ti on \'alu es fo r th e 

south e rn p a rts or a regiona l different d egree-d ay rac to r 

sho uld be p rescribed , 
T o judge th e perfo rm ance o f th e t\\·o types o f mode ls, 

one need s to compa re ca lcula ted m ass-ba la nce profiles 
\·\·i th m eas u red m ass-ba la n ce pro fil es. Th is poscs a 

problem. As d C' monstra ted in th e int rodu c ti on , m e teo r­

o logica l kn o \\'kdge o r th e G ree nl a nd ice shee t is limited, 

Th e tempera turC' pa ram ete ri za ti on is redu ced to a 
sta nd a rd pe ri od , na m ely 195 1- 60. This is, hO\\'e\T r , no t 
th e case with th e acc umu la ti on di stributi on. T o compli­
ca te th e pict ure c\-e n mo rc , no m ass-ba lance m easure­
m ents a re a\ 'a il a bl e 1'0 1' thi s s ta nd a rd peri od . l\l ass­

ba la nce d a ta whi ch a re usc!ul fo r \ 'a lid a ting clim a to log­

ical mod els sho uld Co\'C r sC've ra l years o r meas urem ents. 
Onl y a few m ass-bala nce record s of' m ore th a n I \Ta r a rc 
<1I'a il a bl e a nd th ey a rc a ll II-o m \\' cs t G ree nl a nd . In thi s 
s tud y, wc use d a ta fro m Nordbogle tsche r (6 1.5 ' N ) 
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measured: 69.5'N ; 1982-1989 
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specific balance (m w.e.) 

model: 76.4'N 
measured: 77.0' N ; 1953-1954 
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Fig. 6. Ca/m/ated alld ob,lfIn d mass-balallce efevation 
re/a tiollsftijJs at .five fomtioll s ill Gra llfand. PDD is fhe 
degl'l'l'-drO' lIlodd jJresl'IIted b) , Reeft ( 1.9.91) . EBJII is fh e 
mell!..J ,-bafaIlCf modd. Points are observed or modeffed 

sjJeri/ic balallce. T he lili es are third-order jJo(),nomia/s. 
DataJrom 61.5' . \ ' ( ClemeJl t, 198 f, 1982, f983, /984 ) . 
6+.5 ,\ ' ( HraitftlNlite alld Ofe.l'I'Il , 1.989) ,67" ,\ ' ( 11 'al 
(/lid othns. 1.9.96) . 69.5 . \' (jNrsollaf COlllll7l1l1 icaLion/rolll 
1-1. H. Tft OIIlSfII ) , 76,7' .\ ' (. \ obfes, 1960). 
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mass balance gradient (10-3 m w.e. m-1 yea(1) 

Fig . 7. Ca/CII/aled and obsenlf(/ mass-balance gradifll ls 
om Ihe ab/atioll <.one. PDD is Ih e degm-d({)1 model 

/mseIlled ~J' Reel! (1991). EB.l1 is l/ie energl'-ba/al/(f 
model. 

(Clement, 198 I , 1982 , 1983 , 1984) cO\eri ng th e period 

1979 83, [rom Qamanarss up sermia (64.5 N ) (Brait h­

waite and Olcse n , 1989 ) co\cring the period 1980-86. 

from Sondre StromGord (67 0 N ) (\\' a l and ot hers, in 
press ) cO\Trin g the period 1990- 94 and rro m P ,l ki tsoq 
(69.5 e N ) (Thomsen, 1985 , 1987 , 1988 , perso nal commu­

nica tion; Thomse n a nd R eeh. 1986 ) cO\'ering th e pe riod 

1982 89 . To this d a ta se t from West Greenland, whi c h 

cO\ 'ers at least 4- yea rs of m eas urem e nts, \Ve add a I yea r 

record from north Gree nland, NUl1 a ta rss uaq ramp 77° i\ 
(Noblcs. 1960) . 

i\ problem with th e aUl il a ble mass-ba la nce reco rd s is 
th a t the y are short and not sy nc hro ni zed with the 

meteorologica l input data ; in a ddition , there is a sca le 

problem. :\l eas urements a re on ly representati\T for a 

specific sit e or transec t. The models used to calc ul ate the 

ab lati o n O\ 'er th e whole of Greenland ha\ 'e a g rid size o r 
20 km, whi ch means le)r insta nce that so me a reas \I 'ith 

mass-balance m eas urem ents are \ 'e ry poorl y represe nted 

in the model s. For thi s reaso n , wc se lec ted grid points that 

a rc as close a s possible to the measured sit es in terms of 

latitud e. Although calcu lat ions a nd m eas urement s arc 

ob\' io usly not at the same location a nd e ln'a ti on , ge neral 
c haracteristi cs can be deri\ 'ed . 

In spite of' these major drawbacks, the a\ 'a il ab le 

specific-ba la nc e measurements are compared with the 

modelled ab lation for fi\ 'e transec ts in different climate' 

re'gim es. The res ults arc shown in Figure 6 . \\'e can 
obsel'\'e that th e e nergy-balance model tends to under­
es tim ate th e ab la ti on (61.2 N , 67 . 1 N. 69.4 ' j\: ) at IowCl' 

c!e\ 'a tion but th e deg ree-d ay model tends to o\'(Testim ate 

the a blat ion e \-e n more (6 1. 2° :\1 , 67. 1 v N , 69.4 N ) a t 

lo\\' er e le\·ation. For 76 .4 ° N no measureme nt s are 

a \ 'a il ablc at 10\\' e leva tion and for 64.5° 1'\ no representa­

ti \'(' grid points a re a\-ai lable. Hig her up in the a bl a tion 
a rea , a m o re compl ica ted pict ure arises. Th e ene rgy­
balance model produces good results at 61.2° K. 69 .+ ' ~ 

and 76.4" N but tends to show too high a blation nea r 

76. 10 N. Th e degree-day model yields good results in this 

a rea, as well as near 69.40 N but tend s to y ie ld too low 
ab lat ion at 61 .2° K and 76 .4 n N [or th e uppe r ablation 

r'a ll de fl 'al: ,liass-halallCf lIIodelfing q/lhe Creflllalld ia sheel 

area . Altogether, a complicated picture ar ises . Th e mass­

balance e1e\'a tion profiles for the a blation area a re 

characterized in Fig ure 7. This fi g ure sho\l '5 th e mass­
balance g radient [or th e t\\'o models as \I-e ll as for th e 
measurem e nts. It ca n be obser\'ec\ that on C1\-e rage the 

energy-ba lance model yie lds mass -ba lan ce g radient s 

\\ 'hi ch are close r to the' m eas urements. The degre'e-da y 

model performs reaso na bly well in central Greenland but 

O\'erestimates the mass-balance grad ient in so uth a nd 
no rth Greenland. 

CLIMATE EXPERIMENTS 

Although the insight of' th e simul ated mass balance in th e 
prese nt-da y climate is limited. ablati o n m odels are used to 
calcu late the ablati o n o r the Green la nd ice shee t ror 

\'arious hypothetica l c limate scenarios. In this sec tion , a 

[ew preliminary experiments are presented in o rd er to 

prO\ 'id f some insig ht into the se nsiti\ ' it y of the different 
m odels. To begin wit h , wc change Ih e m ean annual 
tempe rature by + I K . A perturbati o n o f' thi s kind lead s 
to an increase in the ablat ion in th e t\l 'O model s. Thi s 

ext ra ablation can be expressed in te rms of g loba l sea­

b 'e l ri se by di\'idin g th e ab lation for the ice shee t by the 

su rface a rea of th e ocea ns (3 .62 x 10 1 1m2
) . Th e res ul ts 

are Sho\I'I1 in Figure 8. The uppermost bar 5ho\l-s th e ri se 
in sea In 'e l [or a I K increase [or th e energy-ba lance 

model. An important d eta il is th a t the a lbedo is kept 

constant in tim e a nd space (compared to the' reference 

e'xperiment ) . Thi s experiment shows th e increase that 

result s from increased turbulent heat nu x a nd increased 
lo ngwa \'e ra d iati on. Short \\,a\ '(' radia tion is un changed 
beca use a lbedo and c loudiness arc fixed. This direct 
temperature effect is rather limited: a sea -Ic\-el ri se oronl 1' 

O.14mm year I. The a lbedo fe ed-back mechanism , due' to 

th e lower a lbedo of ice compared to snO\\', leads to a 

doubling of th e increase in ablation as is represented by 
th e seco nd bar (count in g fro m th e top dO\l·nll·ards ) . A 
COI11 para blc experi men t can be pe rformed w i th the 

d egree-day model s of Reeh ( 199 1) and Hu vb rechts a nd 

others ( 1991 ) . In these model s accum ul a tion is a non­

linear function of temperature [or the sta ndard run. To 

EBM + 1 K albedo=constant 

EBM + 1 K albedo free 

PDD Reeh + 1 K coupled 
accumulation change 

PDD Reeh +1K 
no accumulation change 

POD Huybrechts + 1 K 
coupled 

accumulation change 

PDD Huybrechts + 1 K 
no accumUlation change ====::c 

a 

b 

c 

d 

e 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0 .35 0.40 
sea-level rise (mm year") 

Fig . 8. Sea-In'e! rl.)ejOr a I it' il/rrease ill Ih e al/I/l/a/llleal/ 
lelllllNalllre Jar l'{/riolls lIIodels. EB11J is l/ie fIIel/!,.l '­

balallce III ode!. Reel! is Ihe degree-da.)' lIlode/ jJresenled ~J' 
Reeh ( 1991) . H I!J'brec/ils IS 111(' degree-de!!' //lode/ IJlfjfllled 
~J ' HI~l'bm!tls alld olllflS ( !D9! ) . 
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Van de Wal: Mass-balance mode/ling of the Greenland ice sheet 

T able 3. The sensitivity rif both models la a positive and a 
negative change in temperature. The table shows that both 
models are non- linear but the strength oJ the non-linearity 
is larger in the energy-balance model than in the degree-day 

model 

Energ:y-ba!allce model 
Wal and Oeriemans 

( 1994) 

mm sea-level cha nge 
1 year 

D egree-day mode! 
Reeh ( 1991) 

mm sea-level change 
1 yea r 

+ IK 
- IK 

+ 0. 3 1 
- 0 . 18 

+0.34 
- 0 .26 

Sum + 0.1 3 + 0.08 

ena ble a compa ri son with the energy-bala nce model, in 

which accumula tion is ind ependent of temperature, this 

coupling is neglected . Th e calcul a ted sea-level rise for the 
degree-d ay models is 10 % higher (ba rs 4 a nd 6) tha n for 
the energy-ba la nce mod el. Applica tion of the coupling 
between tempera ture a nd acc umulati on reduces th e 
increase in sea level from 0. 33 to 0.22 mm year 1 (ba rs 3 
and 5). This is an interes ting ph enomenon because the 

direc t increase in accumu la tion for a I K increase is onl y 
5% or 0.08 mm sea-level lowering per yea r. The reason 
for thi s di sc repancy is th e use of different degree-d ay 
fac tors [or snow and ice . The increase in sea-Ie\·e l rise is 
therefore p anl y se t off by a 0.11 mm sea-level drop as a 

res ult of the tempera ture- acc umula tion coupling. If we 

ass ume that the differences in the d egree-day fac tor renec t 
differences in the albedo of snow a nd ice, something 
which is ques ti ona ble, one can say th a t th e d egree-d ay 
model has an implicit a lbedo reed-back mec hanism, like 
the energy-ba la nce mod el, although the streng th is les ·. 

Note that the differences for a I K perturba tion in the two 
degree-d ay models are coincidenta ll y compara ble, in spite 
o[ the differences (see Appendix) . 

An importa nt as pec t o[ a mod el is wh e th er it s 
sensitivity to a n external pa rameter is linear or no r. This 
kind of experim ent yields some insight into the sensiti vity 

of th e a bl a ti on to na tura l va ri a bility of a clim ate 
pa rameter. H ere, we consid er for both mod els th e cha nge 
in mass bal a nce [o r a va ri a bilit y o f I K in th e 
tem pe ra ture. The res ponse o[ th e mod els to a pos iti ve 
cha nge in tempera ture has a lread y been consid ered in the 
previous pa ragra ph. T o ca lcula te the sensiti vity to a 
d ec rease in temperature, we sta rt with the present-day 
equilibrium sta te of the energy-ba la nce mod el. Acc umu­
la ti on is kept consta nt so th a t both models ca n be 
compa red. The res ults a re giw n in Table 3. 

This tabl e shows tha t both model s a re non-linea r. The 
ch a nge in m ass ba la nce fo r a pos itive cha nge in 
tempera ture is larger th an for a nega tive change . The 
streng th of the non-lin ea ri ty is, howevc r, m uch stronger in 
the energy-ba la nce model th an in th e degree-day model. 
This means tha t th e na tura l va ri a bility is more importa nt 
for the energy-ba lance model th an for the degree-d ay 
model. In fact , one co uld a rgue tha t th e sensitivity to 
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natural variability should be ta ken into account for 
calculation of the sensiti vit y of a specifi c clim a te para­
meter to obta in an insight into what rea ll y cha nges as a 
result o[ climate cha nge. The di screpancy in the response 
to natura l sensiti vity wo uld increase the difference in the 
sensitivity of the two types of mod el even more. 

One can argue th a t a compa rison of the sensitivity is 
onl y useful wh en th e reference cases a re identica l. This is 
no t th e case in the previous ex periments, because we 
opted for id entica l input and no changes in the mod els 

compared to the publications of R eeh ( 1991 ) and Wal 
and O erl emans (1994) . A simple way of obtaining the 
same a mount of a bla tion ove r th e entire ice shee t is to 
tune the deg ree-d ay model to the reference case of the 
energy-bala nce mod el by adjusting th e value of the 
sta tisti cal term , (7, to .5 .0 (instead 01'4.5 as R eeh (1991 ) 

u ed ). Sta rting from thi s new refe rence sta te yields a sea­
level cha nge of 0 .37 mm yea r- I (in stead of 0. 34mm 
yea r I) in th e d egt·ee-d ay model for a I K tempera ture 
perturbat ion . This means th a t the cha nge in sea le\·e l for 
a I K tempera ture rise is 20% higher fo r the d egree-day 
model tha n for th e energy-ba lance model, whereas 10% 

can be obse rved in T a ble 3. 
A more rigorous compa ri son of the sensiti vity to a 

tempera ture pertur ba tion is shown in Figure 9. This 
fi g ure sho ws th a t fo r sma ll (positi ve ) cha nges in 
temperature, the degree-d ay model and the energy­
ba la nce model yield fa irl y simil a r results but th e results 

diverge for la rger perturbations of the reference tempera­
ture. It can a lso be obse rved th a t the res ult does no t seem 
to depend on the exac t reference sta te, since the results of 
the d egree-day (PDD ) model for (J = 4. 5 and (J = 5.0 a re 
nea rl y identi ca l. The di ve rgence fo r la rger perturba tions 

implies th a t Llsing both models in clim a te scena ri os with a 

va ri a ble tempera ture forcing th e result of th e energy­
bala nce and degree-d ay models might differ considerabl y 
even if th e forcing is not la titud e-dependent. H we express 
th e sensiti vity in mm sea-leve l ri se per yea r per K , the 
sensitiyity of the energy-ba la nce mod el increases from 
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0.31 mm yea r I K I for a I K pert urba ti on to 0.58 mm 

yea r I K I for a 4 K perturba ti on. 

So f~tr , th e perturbations considered are those which 
a re uniform in space or la titud e-independ ent. In g lobal 
c lim a te mod els, changes a re ex pec ted to be hig her c loser 
to th e Po le. For this reason , a simple se nsiti\ 'it y a na lys is is 
composed which gives insig ht into th e latitude-sensitivity 
of both models. Figure lOa shows the cha nge in \'o lume in 
response to a 4 K temperature increase for bo th model s 
for \·arying latitudinal zones as \\"ell as th e cha nge in 
\'o lum e for the whole ice shee t. This fi g ure shows th a t the 
difTc rence bet\\"Cen both models is entirel y due to th e 
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sensi ti\" i ty of th e two sou th em zo nes . F igure lOb a nd c 

shows th a t this fea ture can a lso be obsen'ed for a 3 K 
temperature perturba tion . Fo r a I K pert urba tion , 
differences a re sma ll wh ich is in agreement wi t h th e 
Q\'e ra ll res ults shown in Fig ure 9. The larger sensiti\ 'ity o r 
th e energy-balance mod el in th e most northern zone i 

not importa nt for th e ove ra ll increase in ab lat ion. So, in 
spite of the large difTerences in th e refe rence case for the 
northern zo ne, as gi\'en in Tab le 2, on ly minor diffe rences 
occur in the sensiti\·it y. This means that the res u lts of 
a pp lying a forcing fun ction with a larger perturba ti on in 

northern a reas a re no t d ifferent from th e resu lts of a n 

ex perim ent in which a uniform temperature perturbation 
is a pp li ed ove r the entire ice shee t . With this in mind , \\'e 
a pp ly th e Bell agio scena ri o, a 0.3 C increase per d ecad e, 
for bo th mod els. The res ults a re shown in Figu re I I. The 
d eg ree-d ay mode l pred icts a 32% higher sea-I ewl r ise 

than th e energy-ba lance model over a period of 100 yea rs. 

CONCLUSIONS 

[n sp it e of th e limited mass-ba la nce data a\'a il a b le a nd 

th e problems il1\'oh'ed in compa ring ab lation mod els a nd 
mass-balance m easurement , \ye conclud e th a t th e energv­
balance mod el produ ces bc tte r resu lt s th a n th e d eg ree­
d ay model (F ig . 7). The d iOe rences be tween th e two 
mod els for the present sta te a rc la rges t in th e north ern 

a reas (T a ble 2) where data a re sca rce . 

The sensiti\ 'it y o f th e degree-d ay mod el is 20 % la rge r 
th a n in th e energ\'-ba la nce mod el, fo r perturbations of 
I K , if th e t\\'o mod els a re tuned to th e same refe rence 
a bla ti on. The difference in sens itivit y is concentra ted in 
th e sou th em part of Green la nd (Fig. lOa ). 

For larger perturbations, th e sensiti\"ity of th e two 

types of model di\ 'e rges (Fig. 9 ). This res ults in a 32% 
h ig her sea -l eve l ri se over a period of 100 years (Fig. 11 ), if 
th e tem perature increases 0.3 C per decad e a nd th e 
na tura l \'a ri a b il ity is neglec ted. Including the na tura l 
va ri a bilit y would increase th e diffe rence between th e t\\·o 
mod els (' \ 'en more. AI th oug h the two types of model 

di\"Crge , onc shou ld rea lize th a t th e models both sho\\' 
th a t th e sensiti\ 'i ty in creases for la rger tempera ture 
perLurbations. This means th a t predicti o ns [or future 
sea-le\"C1 ri se cannot be based on a sensiti\'it y parame ter 
which is independent of th e temperat ure perturbation 

itse lf. 

W c therefore conclud e that th e sensiti\'i ty used to 

ca lcu la te sea-Ie\'C1 ri se as presen ted by \" a n-ick and 
Oericmans ( 1990 ), indicating a simil a r and consta lll 
sensiti\ 'it y for degree-d ay mode ls a nd energy-balance 
models, needs to be reconsidercd. 
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APPENDIX 

Here are Cl IC\\' notes on th e formu lations of th e degree­
day model s presented by Ree h ( 1991 ) and Hu ybrechts 
a nd others ( 1991 ). Chronologica ll y, th e first uni\'ersal 

d egree-day model was th e one presented by Reeh ( 1991 ). 
This model has bee n a pp li ed for four mass-ba lanee­
ele\'a tion profiles. Citing Reeh ( 199 1): " C sing th e present 
surfilce ele\ 'ation or the ice shee t as a bo undary conditi o n, 
the total a mo unt of m elt from the ice sheet , as determined 
fi-om the melt-ra te mod el, amounts to 28 1 km 3 ice year 1 

(Huybrec hts e t a l. 1991 )". On the other ha nd , Huy­
brechts and o thers ( 199 1) referred for further deta ils (a 
compari son of ca lc u lated and measured \'aILl('s) to Rceh 
( 1991 ). But bo th models used d i flc ren t para meter se tti llgS, 
so a close-up seems justified. 

Three dine ren ces are recogn ized between th e two 

d egree-d ay model formulation s: 

The temperature parallleterization. 
The degree-day fac tors. 
The value for th e stochasti c term (er). 

" 'e compare the result s of'the t\\'o model s here in te rms of 

calculated a b lat ion for the whole Green land ice sheet , 
w ithout present ing th e detail s or the d ifferences. Input for 
bo th models is eln 'ation , latitude and acc umulat ion on a 
reg ular g rid with 20 km spacing (Hu ybrechts and others , 
1991; Le trcguill y and others, 199 1) as used in the 

comparison between the deg ree-day mode l of R eeh 

(1991 ) and the energy-ba lance mod el (W a l and Oerle­
mans, 1994·) . F igure 12 sho\\'s the ab lat ion fo r \'ar ious 
parameter se ttings sca lcd by the calculated ablation of the 
ex perim ent presented by H uybrechts and others ( 1991), 
which amoullls to 281 km:; ice year 1. T he second bar in 

th e figure shows that , if the J Li ly temperature para meter-

default Huybrechts 

TMA (Reeh) 

TMJ (Reeh) lii~ii!~~!!!!!!!!~ 

a 

b 

c 

TMJ, TMA (Reeh) 

PDD factor (Reeh ~===::;~~;::::::=~::::;-~-..J e 

d 

sigma {Reeh} ~::~5~~~~:~~:L-'-;-!;--;;c'--,-i' +;: defau lt Reeh t'i 9 

140 

ablation I "ablation default Huybrechts' (%) 

Fig . 12. Th r ablaliol/ for Ih e degm-d(1)1 model of Reeh 
( 1991 ) .fiJl· 1'([riol/s .l'ellil/gs ,leafed iJ..J ' Ih e degree-d(~J' lIlodel 
(J/ Hl~)'b redlls al/d olhers ( 1991) . T. II A is the al/I/I/a/ 
1Ilf(t1/ lell7/Jeralllre. T I11J is Ihe Ju! ), lelll/Jf/'a /lll'!' , PDD 
factor are Ihe degree- d{~) ' faclors fo r Sl/ OW and iCf and 

Slglll{( IS Ihe slochaslic lerm. 
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iza ti o n as prese nt cd b\' R ec h 199 1) is usccl a nd a ll o ther 
\ 'a ri a bl es a rc as in th e rc reren cc ex perim ent o r H uv iJrcc hts 
a nd o thers ( 199 1). a 20 % hi g hc r a bl a ti o n is ca ieul a tccl. 

Fro m th e a bo\"C ll1 enti o n ed discrepa n cies . t\\·o yield a 

hi g h e r abl a ti o n , th e te mpe ra ture p a ra m ete ri za ti o Jl 

+ 18 % , th e d egree-da y f~1ClOrs + 6 % a nd o ne y ie ld s a 
lower ablati o n , th e slOc has ti c term I ~ (Y.) . Appl yin g a ll 
three dilfcren ces a t o n ce , as , h o \\'n b \ ' th e lower ba r ill 

"all de 'I 'a/: .1/as.I -ba/all(f /IIodellillg I!! !lIe C;rl'eli/alld ire .I lia! 

Fi g ure 12, \I 'hi ch is eCJu ,t1 to th e re re ren ce experim e nt o r 
1<. ee h ( 199 1), viclds a 10 % in crease in th e a bl a ti o n. 

Th ese co nsidera ble dilfe re n ces cl o n o t jus tii'y th e 

interpre ta ti o n b y R ee h 199 1 or hi s m od e l w'rsio Jl in 

te rms o r a bl a ti o n ro r the \\" h o le icr sh ee t , based o n 

Hu ybrrc h ts a nd o thers 199 1). no r d oes it justi 1\. th e 
impli c it \ ·, t1id a ti o n o r-th e \ '(' rsio n used b y Hu ybrcc ht s a nd 
o th e rs 1199 1) b y refe rrin g ro r d e tail s to th e R ec h \"(' rsio n. 
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