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ABSTRACT. A deg ree-d ay g lac ier mass -ba la nce model is co upl ed to a d yn a mic 
glac ier model for temperate g laciers. The model is ca librated for two o utl et glaciers fmm 
the H ofsjo kull ice cap in central Iceland. It is fo rced with a clima te scenari o that has re
centl y been defin ed for the No rdic countries fo r the purpose of outlining the hydro logical 
consequences o ffuture greenhouse warming. Th e sce nario for Ice la nd specifics a wa rm i ng 
ra te of O.2SoC p er decade in mid-summer a nd 0.35 C per decad e in mid-winter wi t h a 
sinusoida l vari a tion through the yca r. The volum e o f the glaciers is predicted to decrease 
by approx im a tel y 40% O\'e r the nex t centur y, a nd the glac ic rs essenti a ll y di sa ppea r 
during thc next 200 yea rs. Runoff from the area th a t is presentl y cO\'ered by the g lac ic rs 
is predicted to incrcase by approx im ately 0.5 m a 130 years from now due to the reduc tio n 
in the \'o lume o f the glaciers. Th e runoffincrcase rcaches a Oat m aximum of 1.5 2.0 m a I 

100- 150 yca rs from now a nd level s ofT aner tha t. Thc predicted run ofTin crease lead s to a 
significant inc rease in the di sch a rge of ri\'e rs fe d by m eltwater fi-omthe outl et glac ic rs o f 
t he ice cap a nd m ay ha\'C importa nt consequc nces for the opc ra ti o n and pla nning o f 
hydroe lec tric p owcr pla nts in Icela nd. 

INTRODUCTION 

The mea n surface air temperature of the Ea rth m ay ri se by 
a bout 0.1- 0.35 C per decadc duri ng the nex t decades due to 
increasing concentrati ons of C O 2 a nd other g recnhouse 
gases in the a tmosphere (H o ug hto n a nd others, 1990, 1992. 
1996). Ifrea li scd , thi s warming will cause wo rldwide glac ier 
re treat andlcad to major runoff cha nges in glac ia tcd areas. 
Increased runoff from glacia tcd a reas is importa nt for 
future globa l sea-lc\-el risc t ha t m ay occur as a conscquenee 
o f future clim a te wa rming ('Va n -ick and othcrs, 1996). 
Glacier dyna mics will play a sig nifi cant role in dc tcrmining 
the time-dep endcnt evolution o f future runoff cha nges in 
g lacia ted a reas_ Therefo re it is impo rt a nt to study the in te r
ac ti on bet ween predicted glacic l- m ass-babllcc ch a nges a nd 
g lac ier dyna m ics when fut u re I'll no ff cha nges fm m g laciatcd 
a reas are a na lyzcd . 

Thc ra ti o o f the rate of cha ngc of glac ier vo lume to a 
sm all cha nge in a clim atic pa ra m eter, usuall y tempcraLUre, 
is tcrmed the Sialic sensitivi£y of g laciers to clim a tc cha nges 
(Wa rrick a nd o thers, 1996). The sta ti c sensiti\'it y ig no res the 
efTect of time-dependent retrcat o f the glac ier tcrm i nus, 
cha nges in th e gcometry of thc glacier, non-lincar cffects 
due to the finitc size of the clim a te change and other dy
na mic a nd no n-linea r effec ts. Including these cffects leads 
to the concept o f (£)llIamic sensilivity of glac iers to climate 
cha nge. The contribution of g lac ic rs a nd ice caps to global 

Prescnt a ffili a ti on: Vcourstofa Islands (Icelandic M eteo r
ologica l Office ), BLlstaoa\,egi 9, IS-ISO R cykja\'ik, 
Iceland. 

sca-I c \'el ri sc in the future is a na lyzed in two indepcndcnt 
ways in \\'a rrick a nd others (1996)_ An a pproach based o n 
\Nig ley a nd R aper (1995) takes dyna m ic eflee ts into acco unt 
in a hcuristic way, whcrcas a n approach hased on O c rl e
m a ns a nd Fortuin (1992) uses a ra ngc o f static sensitivities 
o f g lac iers depending on latitude. The results of thc two 
a pproaches differ considcrabl y, but bo th neverthel ess indi
cate a n avcragc nea r 0.5 m w.c. a I c: I fo r the globa l sensi
ti v ity of glacier m ass ba lance to clim a te warming in thc 
ea rl y pa rt of the ncxt century. 

A s pa rt of thc No rdic projec t, C l i m ate Change a nd 
Enc rgy Producti o n (Sa:: lthun, 1992), a coupled dyna mic/ 
m ass-balance glacicr m odel for tempera te glac iers has been 
de\'clopcd in order to estimate the effec ts of globa l warming 
0 11 g lac ier mass ba la ncc a nd runofr /'ro m g laciated a reas. A 
sp ec ia l version of thc HBV hyd rological runoff model has 
bec n applicd to scl ectcd ~ordic ri vc r bas ins in order to csti
m a tc the hydrologica l effects of globa l wa rming (Sa::lthun 
a nd others, 1994·a , b; HBV (Hydro logiska Byran Va ttcll
ba la nssekti onen) is the sccti on at thc Swedish l\Leteoro log
ica l a nd Hydrologica l Institute wherc the model was 
initi a lly developed ). Th e Icelandic ri ve r basins choscn fo r 
thi s study a re pa rtl y g lac iated. In ordcr to estim ate thc cffect 
o f the re treat a nd thi n ni ng of" glac iers w ithin thc bas in s, the 
coupled dynamic/m ass-bala nce glacic r m odel was run fo r 
thcsc g lac iers, a nd simul ated cha nges in the ex tensio n a nd 
thc a ltitude di stributio n of the glac ie rs were used in thc 
hydro logica l modelling. The prim a ry m oti\'a ti on bchind 
this wo rk was to estim ate the hydrological eonscqucnces o f 
c1im a tc cha nges in pa rtl y glac iated wa tc rshcds in Icc la nd. 
Th c res ults are a lso rel cva nt in a w ider context duc to the 
i mpo rLa nce of glac iers a nd small icc cap s fa r f"uture sca-l e\ 'e1 
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rise as menti oned above, because they shed some light on 
the relation between the stati c and dynamic sensitivity for 
the glaciers in questi on. 

The res ults of the glacier m od elling for [WO of the Icelan
dic g lac iers tha t were considered in thi s modelling e[[ort are 
described in thi s paper. These a re Blondujbkull /Kvislaj bkull 
on the western side of the Hofsjoku ll ice cap, central Iceland, 
a nd an unna med outl et glacier on the northern side ofHofs
jbkull, which has been ca lled Ilh'iorajbkull , at Orkustofnun 
(see Fi g. I). In each case, the g laeier that was modell ed was 
delimited by the water di\·ides of the ri\'ers that were being 
considered in the runoff modelling, i. e. the ri ver Bla nda in 
the case ofBlbndujbkull /Kvislajokull and the rive r Austa ri
J oku lsa in the case of IIIviorajoku l I (see Fig. I). Th e location 
of the water divides and the area di stribution of the iee sur
face and subglacial bottom topography a re taken from 
Bjornsson (1988). 

Glac iers in Iceland started r etreating from their Little 
Ice Age maximum between 1850 a nd 1900 and the rate of 
retreat became quite rapid after 1930. As the climate became 
cooler after 1960, the retreat of the glaciers slowed down and 
many glaciers started advancing, espec ia ll y after 1970 
(Th6ra rinsson, 1974; Bjbrnsso l1, 1980). Since about 1985 the 
elimate has become warmer a nd m any glaciers have started 
retreating again. On average, a round 50 % of monitored 
non-surging g laciers in Iceland have been advancing and 
a round 50% have been retreating in the per iod 1970-90 
U6hannesson and Sigurosson, 1992). On the whol e, g laciers 
in Iceland m ay therefore be exp ected to respond to future 
climate changes from an initi a l state which is relati vely close 
to a steady-state condition (a t least compared with the rapid 
retreat between 1930 and 1960), a lthough the time period 
1960- 90 is too short for the g laciers to full y adj ust to the 
climate during this period. 

THE GLACIER MASS-BALANCE MODEL 

The dynamic glacier model is coupled to the degree-day 
mass-ba lance model, rvIBT (Mass Balance of Temperate 
glaciers; J6hannesson and others, 1995 b). This model com
putes glacier m ass balance as a functi on of a ltitude based 
on observed temperature and precipitati on a t a me teorolog
ical station. 

Meteorological data from the meteorological station 
NautabLI (65°27' N, 19°22' W, 115 m a.s. !.) were used in the 
mass-ba lance modelling for both glaciers. Data from the 
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m eteorologica l sta ti on H\'eravellir were used in the m odel
ling of the mass ba lance of Satujoku ll inJ6hannesson a nd 
others (1995b). In the stud y described here, the meteoro log
ical station NautabLI was chosen in preference to H yerave l
I i r. H veravellir is situated in a shelte red loca ti on between 
the ice caps Langj okull and Hofsjokull , a nd Nautabu is be
lieved to be more representative of the hydrological basins 
of th e rivers which were considered in the hydrological m od
eUing. 

Precipitation a nd temperature a t a ltitude Z on the 
glacier are computed ass uming a linear prec ipitation a nd 
temperature \'ariation with altitude. 

T (z) = T(Zr('fr ) - gT( Z - ZrcfT) , 

P(z) = [1 + gp(z - Zrcfp )] P ( Zrcfp) , 

where ZroF, is the elevation the meteorological station, z rcfr is 
a reference elevation for the precipitation grad ient on the 
glacier (see below ), a nd g1' and gp a re the gradients oftem
pera ture and precipitation, respec tively. The special version 
of the HBV hydrological model whieh was used in thi s stud y 
represents the variation of precipita tion with altitude as a 
linear function in up to two elevation ranges. This feature 
was used to spec ify dilTerent precipitation gradients for the 
ice-free and glacia ted pa rts of the watersheds, a relatively 
low g radient 01'8% per 100 m for the ice-free highland a reas 
and a higher gradient of 30- 50'Vo per 100 m (see Table 2 
-bel ow) for the glaciated parts of the basins. The reference 
eleya tion for the precipitation g radient on the glacier is 
the refore hi gher tha n the elevati on of the meteorolog ical 
sta tion. A precipita tion correction with separate correction 
fa cto rs for rain a nd snow was applied to the prec ipita tion 
data in order to compensatc for the efTect of wind on the pre
cipita tion measurements and to tra nsfer the prec ipita ti on 
m easured at the me teoro logical station to the watershed in 
question. The correction factor for rain was given a \'a lue of 
1.1 a nd the co rrectio n factor for snow was 1.4 for Blanda and 
1.5 (o r Austari:Jokulsa. Precipita tion on the glacier is 
ass umed to fall as snow if the tempera ture at the a ltitude in 
question is below a specified threshold (see Table 2 below). 

Melting of snow and ice is computed from the number of 
positive degree-days (PDD), using dilTerent deg ree-day fac
tors (amount of mel ting per PDD ) fo r snow and ice. A statis
tical approach was used in the dete rmination of the number 
of positive degree-days. Vari ation of temperature within the 
yea r was modell ed as a sinusoidal function with super im
posed stati stical fluctuations which a re ass umed to be nor
m a lly distributed with a standa rd dev ia tion (J (see R eeh 
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Fig. 1. M ap showing the location qf HofsjokulL in l celand ( left ) and the location qflhe oUlletglaciers qf Hrifsjjjkull ( righl ). 
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(1991) and J 6hanlll'sson and others (1995b) for a more 
detailrd description of this approac h ). 

The sinusoidal temperature \'a riation is gi\'Cn by 

\\·here t is time and A is the length of" a calendar year. The 
mcan va lue a nd amplitude of the sinusoida l i"unct ion were 
chosen to be 2.J and 7.1 C. respcni\'Cly. in accordance with 
measured yearly mean temperature a nd the .July temper
a ture at the :'\autabll meteorological sta tion in the period 
1961 - 90. The stati sti ca ll y determined PDD is gi\ 'en by 

w here T is temperature at the eleyation in question and 

T;llIl'sh is a threshold ft)r the degree-day compu tat io ns. The 
standa rd de\ 'iation of' the stati st ica l lluct uati ons was chosen 
to be (J = 3.3 c:. The mass-balance m odel as deseribed here 
comput es the a\'erage \ 'ar iat ion o[ the g lacier mass balance 
with eln'ation for the time period 1960 90. A detailed des
cription of the mass-balance model is gi \'Cn inJ6han nesson 
and othns (1995b ). 

The mass-ba la nce model was ca libra ted by alternating 
runs of the HBV ru noIT model and the g laeirr mass-balance 
m ode ls as describcd by Einarsson a ndJohanncsson (1994). 
Parametcr adjust lll c nts were rcquired in the hydrologica l 
modcl in order to produce betier agreement with th e hyd ro
logical discharge records in thc ri\'Crs, so as to gi \ 'C modelled 
cl\'eragc \'a riation o f" the g lacier accumu lat ion and a bl a ti o n 
with cle\'ation in agreement \I'ith a\'a il able e\· idence abo ut 
g lacier acculllu lat ion and ilblation. In each case a 7 year 
peri od of di sc harge measurements in the ri\Tr was used for 
the ca librat ion , and th e rest of' the a\ 'a il ablr discharge data 
were used for \·e rifi cat ion. In thi s \\·ay. it was poss ible to de
ri\'C model parameters which g<l\T simulated g lac ier Ill ass
ba la nce components in reasonable agrcemcnt wiLh a\'Cl il
able g lacier mass-balance o\)se lTat ions (personal communi
ca ti o n f"rom O. Sigurosson, 1 99-~). and a t th e same time 
simul a ted runoO' cu rY<:'s in agreeme nt with obscl'\'Cd runoIT 
of" the ri \'lTs ICd by m elt water ['rom the g lac iers. 

Scattercd mass-balance measuremcnts arc a\'a il a ble lor 
IIh-i c) rajijkull. but o nl y a It'w measurements a re a\'ailablc 
from Lh c upper part o f" the accum ul at ion area of' Blondu
jijkull / Kds l c~o kull , a nd no ab la tio n measuremcnts C'x ist 
Croll1this pan of' the H of\jokull ice cap (personal cOll1mu ni
ca t ion ['mm O. Sigurosson. 1994). lVlass-ba lancc meas ure
ments hmT bccn performed on thc neighbouring Satujokull 
(scc Fig. I) since 1988 (Sigurosson, 1989. 1991, 1993). The scat
tered mass-balance measurements from [l"'iorajo kull indi
ca te th at its mass-balance characte ri stics arc si mil a r to 
those of' SatLUiikul1. The limited acc umulati on measure
m ent s on BlondLuokull /K\' ,slajiikull indica te that there is less 
prccipitation on thi s part of the ice cap than on the neigh
houring Satujiikull. and runoO' meas urelllents in Blanda 
and Austari:fokulsil indica te that ablation on this g lac ie r is 
a lso somewhat lower th a n on S~ltLUi.ikull a t the' same e1 e\ 'a
ti ons. Based on these cons iderati ons, the degree-day coefli
c ients I'or ice a nd snow for T1"'i onuo kull \I-ere chosen to be 
the sa me as pre\'io usl y determincd by mass-balance m odel
ling fo r Sa tlu okull by .J6ha nnesso n a nd others (199.1\) ). 
Degrec-day coefTic ien ts for BliindLu o kull / K\ 'lslajoku 11 were 
choscn to be somewha t lower th a n f()r Siltujoku ll in order 
to producc glac ie r runoff in accorda nce with run ofr meas-

J6hallllfSSO Il: Glacier 1170dellil1gJor two lcelal1dic glaciers 

ureme nts in Blanda. Th e tempera ture lapsc ratc [or both 
glac icrs was g i\'en a \ 'a lue o[ 0.6 C per 100 m which is 
slightl y hi gher than used inJ6han ncsson a nd o th ers (1995b) 
fo r SiltLuokull . A degree-day threshold o f ~05°C (sce thc 
equati o n fo r PDD abO\'C ) was used for thc Blanda watershed 
in order to improve th e seasonal variation of th e runoff, but 
thi s has Iilll e effect o n the g lacier mass-balancc modclling 
compa red to a model with sI ightl y higher d egree-day cocfIi
cicn ts a nd without a degree-day thres ho ld. A degrce-day 
thrcshold was not sp ec ified for the Austari:Jokulsa water
shed. Tables I and 2 summ a risc th e g lac ier mass-balancc 
model pa ramc tCTs [or the t wo glaciers. 

'j({bLe !. Statioll alld lIIass-ba/al1te 1II0del jJarameters common 
10 both glacim (see J6hallll essol/ and others (J995b j JOT 
jilrther njJ/anation) 

Pa m 111 f'/l'r , \ (UIIl' l ililll' Cllil 

EIC'\ 'C11iOIl ortl'lllperaltllT station ell 115 ma.s. !. 

EkTalioll or precipitation sta ti on c1p 115 ma.s. 1. 
'-lcmpcratllIT lapse rate eTr t 

" 
O.G e pCI' lOO Jl1 

'lCmpl'ralllIT standard ciC\'ialioll sgm 33 C 
Sno\\' rain lilJ'(' , ilold tsn 1.0 e 
Snow thicknc:;s lIsed ill degree-clay 'iIS 0.3 111\\'.(', 

rOlllpUl at ions 
Rl'rrl'('zi n~ rali{) rrr 0.Q7 

7e/Me 2 . . Ilass-balallce 1170de/ jJaralllelers which are dijJerenl 
jor the 11(10 glaciers ( the colulI7n labelfed "BLanda "applies to 
BliilldujiJ'kllll/ Ai'/slajiJklll I, al1d the rolumll label/ed '']iiklllsa'' 
to III1'ir)rajiJkul/; see ] 6lwllnessol/ alld others (1995b ) Jor 
jilrtiter flplallatioll j 

Prr rrIl1Itlrr . \ (UII I' l ilillr [ 'lIil 

IJ/III/ria .loA IIt,,/ 

Degree-d'l\ f ~l<'lOr Ic)!' ire: ddi 0.00+95 O.007.'i(i 111\\,.C. C 
J)cl\J'(T-c1ay "'Clor 1<>1' ,no\\' dds 0.00 k'> 0.005(; III \r.t'. e 
Starting: dt'\'(l l ioll fill' clq l)()() 990 111 a.s. 1. 

prccipiullion grad ient 

I cl 
Id 

Prl'ripil(ltiol l/l' I(,\Oalion grad iell! grp 0.:\6 O.+9() I per 100 111 

I 
1 

Thf' precipitati on g ra d ie llt on thc g laciers was deter
min rcl sll ch th at th c g lac ie r m ass-ba la nce m ode l pred icted 
the g lacier to bc in approximatc eq uil ibrium in the peri od 
1961 90. This is somcwh a t a rbitrary o['co urse, butthc avail
able C\·iclence indica tes tha t the g lac iers we re c lose to equi li
brium in thi s period (personal communica ti on from O. 
Sig urosso ll , 199+). The precipitation gradi ent determ incd in 
thi s way (sce Table 2) led to modell cd acc umulation in 
relatively good agrccment w ith th e a\'a ila ble acc umu lat ion 
mcasurements fi'om the upper pa rt of the acc umulati o n 
a reas of the g laciers a nd o f" th e neighbo uring S~IlL!joku l l. 

The g lac ie r models thus sta rt from an a pprox imate steady 
slat e that is assumed to represc nt thc c1imale or 1961- 90, 
which is the climato logica l basc line choscn for the Climate 
Change a nd Energy Produc ti o n projcc t. 

THE DYNAMIC GLACIER MODEL 

The dynamic glac ier model is a sli ghtl y modificd \'c rsion o[ 
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the mode l described inJ6hannesson (1991). It descr ibes the 
glac ier as a onc-dimens iona l fl ow system analogous to tracli
ti onal models of va ll ey glaciers fl owing in vall eys with va ri
able width w(x , h) (see Waddington, 1982). The model is 
based on the equation of continuity for ice, ass uming a un
ique density of ice and a flu x- geometry relationship which 
incorpora tes the flow law or the rheology of ice. The ice fl ow 
is desc ribed by the ice-volume- flux d istribution Q(x. t) , 
which is related to ice thickness h(x , t), channel cross
section area A(x, t) and mass ba lance B(x , t), through the 
one-d imensional continuity equati on (Pa terson, 1981), 

where x denotes distance a long the fl ow channel and t de
notes time. 

Fo r the two glaciers considered here, it is assumed that 
the ice thi ckness is on ly a function of the di stance x along 
the flow channel which implies that the width w of the cha n
nel is independent or the ice thickness h. For thi s simple geo
metry, the flu x- geometry relationship will be taken to be 

_ Q _ T.( (-Oz' )" I 11 +2 q=--l'" -- 1 . 
W ox 

where Zs IS the alt itude of the ice surface, K = 
2A(pg)"j(n + 2), n = 3, p =900 kg m 3, 9 =9.82 111 S 2, 

and A = 5.3 x 10 2 1 S IPa :1 is a constant in the fl ow law of 
ice (Paterso n, 1994). Forma lly, thi s flu x- geom e try relation
ship ignores basal sliding, but as inJ6hannesson (1991) it will 
be ass ulll ed that sliding can be adequately taken into 
account by varying the constant K in th e aboye equation. 
In view of the uncertain va lues of the eonstants A and 17 in 
the flovv law of ice (see Paterson, 1994) thi s is not a drasti c 
si mplification . 

The numer ical formulation of the model equations is 
based on the control-volume concept (Pata nka r, 1980). A 
time step 6.t = I yea r and a grid spacing 6.x = 0.25 km in 
the interior of the glaciers a nd 6.x = 0. 1 km n ear the termi
nus were used in the numer ical ca lcul ations. 

The bedrock and ice surface of the datum m odel glaciers 
were determined from the a rea distributions of the sub
glacia l bedrock and the ice surface for the correspond ing 
watersheds of the Hofsjokull ice cap in the same way as des
cribed inJ6hannesson (1991). The width, w(x) , of the fl ow 
channels was es timated from recent maps of th e H ofsjoku ll 
ice cap (Bjornsson, 1988). Figure I shows the d ivides wh ich 
were used in the delineation of the glac iers. This procedure 
provides onc-dimensional fl ow-channel model glaciers with 
the same a rea di stributions of the bedrock and ice surface as 
are observed for the glaciers under consideration. Due to the 
simplifying assumpti ons about the geometry of the glaciers, 
each outl et g lacier is considered independent o f other outl et 
glaciers fi"om the same ice cap, a nd all t ran sverse variations 
in the ice surface and bedrock geometry a rc ig nored. Thus, 
the models a re very erude representa tions of the real 
glaciers. H owever, one m ay expec t tha t the simul ated res
ponse of the model glaciers to c1i mate changes will capture 
the main features of the response of the real g laciers to such 
cha nges, because the model glaciers have the same size and 
overall sha pe as the rC'a l g laciers and a fai rl y real istic mass
ba la nce distr ibution. One lllust keep in m ind that the sub
divi sion of the Hofsjoku ll ice cap into independent ice-flow 
basins in the manner attempted here is an approx imation of 
the true dynamics of the ice cap, \\'hich must im'olve some 
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interac tion between the ice-flow basins. This becomes espe
cia ll y important if the model ling leads to substa ntial modi
fi cati ons in the vo lume of the glac iers, which in rC'a li ty may 
be expected to a lter the division of the ice cap into ice-fl ow 
basins. This should be borne in mind when the results of the 
transient model runs presented bel ow a rc in terpreted. 

The co upled d ynamic/mass-bala nce glacier model was 
run until it reach ed a steady state for the present climate as 
spec ifi ed by the temperature a nd precipitat ion of NautabLI 
in 1961- 90. The a rea distribution of the modelled steady 
state is compared with the meas ured area di stribut ion in 
Figure 2. It is seen that the overall thickness a nd shape of 
the glaciers is adequately represented by th e model, 
a lthough there are slight di screp a ncies between the meas
ured and modell ed distributions in the upper p a rt of the ac
cumulation a reas. 
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Fig. 2. Measured area distribu lion with elevation cif the bed
rock and ice s1l1face (solid curves) Jar B/iJ"ndujiJ"kuL// 
KviflajokuLL (up/m"jJane/ ) and IllviorajiJ"kuLL ( lower pane/) 
together with the area distribution cif the modelled stead)l-state 
ice Sll1jclce corresponding to the climate qf 1961- 90 ( dashed 
curve). The measured distributions are takenJrom BjiJ"msson 
(1988). 

RESPONSE TIME 

The response time of a glac ier can be defined as the time 
constant in an ex ponemia l asymptotic approach to a fin al 
steady state after a sudden change in climate to a new con
stant cl ima te. Behind this definition li es the ass umption that 
the time-dep endent approach of a glacier to a new steady 
state after a sm a ll step change in cl imate will be relat i\'ely 
close to an exponential vari at ion. It is of course possible to 
bypass thi s ass umption ofnear-exponeI1li a l \'a ri a tion by de
fining the response time as t he time it takes the glacier 
volu me perturbation to reach (I- e I) of its fin a l steady-state 
value. This, howe\-er, el imina tes on ly superficia lly the hid
den assumption of a near-exponenti a l \'ar iat ion, because a 
response time defin ed in thi s way wou ld be of li tt le va lue if 
the time-dep enden t response were in fact fa r from exponen
tial. It is ofinte rest to compute the t ime-dependent response 
of glaciers to sm a ll step changes in cl imate both for esti
mating the resp onse time of the g lac iers and a lso to compare 
(he response to a n exponenti a l variation, i.e. II V = 6. Vac 
(1 - e- I

/
T

), wh ere 6.Vcxo is the vo lume perturba tion in the 
limit t -t 00, and T is the response tim e. 
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Th e r es ponse time o f the g lac iers was cs ti mated by sud
denl y increas ing t l1(' temperat ure by 0.5 C a nd a nal yzing 
the a pproach of" the g lac iers to a new stead y sta te. Figure 3 
compares the computed approach to a IICW steady state with 
an exponenti a l \'aria ti o n predicted fo r a I i near resen 'o i I' 
with a response time o f lOO yea rs for Blo ndL~j o kull / K \'is l a 

j okull and 60 years for Iliyi o raj okull. It is eyident th at the 
time-de pe ndent approach to a new steady sta te is relat i\·ely 
close to a n exponellli a l \ ·ar ia ti on. This conclusion is approx
im ately va lid for oth e r temperature cha nges O\"('r a wide 
range of ya lues uI1lilthe ste ady-state \'o lume change caused 
by th e temperature change becomes on the order of one-h a lf 
of th e cu rrent \'olume of g laciers (not shown ). 

~ ~========~----------------~ 

o 
o 

o 

." \St •.. I& •. .. -_ •• 

.. ~' 

.~ BlondujokullJKvislajokull 
,,-0 IlIvlOrajbkull 

50 100 

Time (years) 
150 200 

Fig. 3. RelatiN l'olllll1e redllctioll as ajullctioll q/time (~)'m 

bols ) jollou'illg a sudden It'armillg 0[0.5 c: cOIII/Jared with 
al7 n/Jollential re/rl\alioll lvith a tillle-scale qf 100 Jearsjor 
B/iilldujCikllll/ ft i'/slajoklllL alld 60 .rears Jar II/viiJmjiikllll 
( solid (Un'es ). 

The es tim ated response tim cs may be compa red w ith 

th e theo re tica l estim ate T = ho"",,/ ( -bT) (see j 6han nesso n 
and o the rs, 1989a, b). \\ 'he rc ho,,,.,, is a sca le for the (max i
Illum ) thi ckn ess of" the g lac ier a nd (-bT l is a sca le for th e 
mass ba la nce nca r the te rmillus (more exactly th e aH' rage 
Ill ass ba la nce 0 11 the regio n exposed by the re treat of the 
g lac ier or ackanced 0 , "(, 1' b,' an ad\ 'ancing g lacier). Fo r 
BlondLu okull /Kdslajiikull this eS lImate is T = 93 yea rs 
(ho",." ::::0250 111 and (-bT ) ::::o2.7ma I). and for Ilkiorajo kull 
T = 79 yea rs (ho,,,.,, ::::0 300 III a nd I -b·r) ::::0 3.8 m a '), if th e Ill ass 
ba lance around 900m a.s. 1. is used fo r es tim ating (- bT ). 

The theo re tica l estima te does not ta ke th e efTect of" a ri ati o n 
in th e width of the glac ier w ith di stance a long the fl oll' cha n
nel into acco unt. As discussed in J 6ha nnesson a nd others 
(1989a ), onc may expect th e res ponse time o f g laciers in 
widening fl o \\' channels to be some\l·ha t sh o rter th an th a t 
o f" glaciers of uniform width. The respo nse ti m e or a glac ier 
in a linea rl y widening cha nnel (or equ i\ 'alcn tl y a cylindri
ca ll y sYlllme tri ca l icc cap ) m ay be expec ted to be reduced 
by a (ac to r o f two-third s co mpared to th e respo nse time o f 
a g lac ier of uniform width. The width of" flki orajoku ll 
increases approxim atel y linea rl y with dista nce a long th e 
fl ow cha nnel, whereas the lI'idth of Bl b nduj b kull/l,",'isla
j okull inereases rapidly in the upper part 0 [" the acc ulllula
ti on a rea a nd rela ti\Tly slo ll'l y in th e lower pa rt of th e 
acc umul a tion area a nd in the ablati on area (sce Fig. I). 
Therefore, the abo\'e theo re tica l estimate o f the response 
time of BlondLu okull / K"islajokull is a ppro pria te, but the 
estimate fo r Ilkioraj okull should be reduced by a f~le to r of 
th e o rd e r o ft\\'o-thirds to a pprox imately 53 yea rs in orde r 
to ta ke the dTeCl of t he sha pe of th e g lac ie r into acco unt. 
The theore ti ca l estima tes do not ta ke m ass-ba la nce ele\ 'a-

J 6hal7l7essolZ: (;facier lIIodellillgjor tlt'O lcelal1dic glaciers 

ti on feedback into acco unt a nd on c may ex pect the true rcs
ponse time to be somewhat longer than the theo retica l 
cstima tes due to thi s eflec t. 

The numerica lly estima ted response times o f Blondu
j okull / K\islaj o kull (100 yea rs) a nd Ilh-iorajoku ll (60 years) 
a rc in reasona ble agrecment with the theore ti ca l estimatrs 
\\·hen the effect of thc \'ar ia tion of th e channel width is 

acco untcd for as discussed a bm'e (93 )TarS fo r BlondLUo
kull /K\ 'is l<u bkull a nd 53 \"ears for T1h-i orajoku ll ) a nd th e 
expected e fTC'C t o f mass-ba la nce c le\ 'ation feed hac k on th e 

response time is kept in mind. Pre" ious modelling of th e en
tire H oE;jokull ice cap with a simpler numerica l model indi
ca ted a respo nse time of 50 yea rs for th e who le ice cap 
06hannesson, 1991). The noti o n of diITerent response times 
for diITerent outlet g lacie rs a nd ice-floll' basins o f the same 
ice cap is of course onl y approxim ate ly \·a lid. Nevertheless, 
thc abO\'e res ults indicate th a t the res ponse of the H o E;j okull 
ice ca p and /or it s indi\ 'idua l ice-fl ow bas ins to m oderate 
climate changes can be qualitat ively modcll ed with a linea r 
resen 'oir with a res ponse time of 50- 100 yea rs a nd tha t thi s 
estim atc of th e response time can be der i\ 'ed theoretically 
from th e current geometry a nd m ass-ba lance charac tcris
tics of thc ice ca p. 

TRANSIENT RESPONSE TO CLIMATE CHANGES 

f o r Iceland , th e clim ate sce nari os used in the C limate 

Change a nd Energy Producti o n proj ect spec ify a warming 
rat e of 0.25 C pe r decacle in 111 id-summer and 0.35 C per 
decade in mid-winter, with a s inusoida l n uiati o n through 
the yea r U6hannesson and o thers, 1995a ). Prec ipita tioll is 
assumed to inc rease b\' 5°A) pe r C of warming. These 
elimatc trcnd s werc superimposed on th e a\'erage temper
a ture and prec ipita ti on of" th e period 1961- 90 in tra nsient 
runs of th e co upled dynamic/mass-ba lance g lac ic r model. 

The g lac ie r m odels were run 200 yea rs forwa rd in time 
["rom a nea r-stead y stall' at t = O. The retreat o f" the g laciers 
is shQ\\"I1 in Fig ure 4. The reduc ti o n in the yolul11e 0 [" the 
g laciers a ft er 100 yea rs is abo ut +0 % for each g lac ier, a nd 

g BI6nduj6kull/Kvislajbkull 
ro rf-----------r----------+----------+---L 

o 5 10 15 

Dislance along flow channel (km) 

Fig. -I. Glacier /mifiles as ajl/lle/ioll q/timefor 200]ears (!/in 
the clill7ate starls to warll7 for Blo'/Idl/jokllll/ lli'/,!cu'iikull 
( lIjJ/m j)({}zef ) alld l lh'irJrajiikllll ( lol('er panel). The outer
lIIost jmifile is the datulII ice-sllljclce jm!file at t = 0, and t/ie 
innerll70st fHofile is the ice Sll1jclce at t = 200. Tlte time il7-
telwt/ between the profiles is .50 )lean. The IOlNst prqfile il1 
each jJanel is the glacier bed. 
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the reducti on in the ice-covered a rea is about 20% [o r 
Blondlu okull /K\·islaj okull a nd 25% fo r Iil viorajokull a t t = 

100. The glac iers essentially di sappear a t t = 200, with less 
tha n 10% of the initi a l ice vo lume rem a ining. 

The reducti on in the volume of the glac iers lead s to a 
substa nti al increase in glacier runoff. Figure 5 shows the 
\'ar ia ti on o[ the ice \'olume of the g lac iers with time, a nd 
the predicted ru nofT increase from the a rea presentl y cov
ered by the glaciers. After 30 years the runoff contributi on 
due to the negati ve ne t ba lance of the g laciers to the ru nofT 
from the a rea presentl y cO\'ered by the glac iers is 0.5 m a 1 

[or Blondluokull /Kvislaj okull and 0.6 m a 1 for lll vio ra
j okull. This is approximately 2.') % of the present runofffrom 
the g lac iers. This runoff contributi on increases approxi
ma tely linea rly to a m aximum of a bout 1.5 m a 1 [or Blondu
j okull /Kvi 'lajokull a nd 1.8 m a 1 for Iil viorajokull 100- 150 
years from now. This is close to 75% of the present runoff 
[rom the glaciers. TlIe runoff starts to decrease aft er approx
ima tely 150 yea rs due to the reduction in the ice-cm 'e red 
a rea, but it is still sig nificantly above the present runoff a t 
t = 200. These results are in qua lita ti ve agreement "" ith 
the previous results of J 6hannesson (1991 ) for the entire 
H ofsjokull ice cap which were based on a much sim.plcr 
glac ier mass-ba lance model. 
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Fig. 5. Glacier volume as alullction riftime ( solid curves) and 
/Jredicled T1lnqf/increaseJrom Ihe area presently covered by the 
glaciers dUf to Ihe reduction in the ice voLume ( dashed curves ) 
Jor B/olldujoku LLjKvislajokuLf ( ujJfJa jJaneL) and lfLviora 
jijkuf{ ( lower panel ). 

MASS-BALANCE SENSITIVITY 

The sensiti\'it y of the m ass balance of g laciers and ice caps to 
el i mate changes is i mporta 11l for [u ture global sea-l e\,el rise 
tha t may occur as a consequence of eli mate wa rming as di s
cussed in the introduction. The sta tic sensit i\'it y is typica ll y 
defin ed as the rati o o f the change of the area-weighted aver
age o[ the spec ific m ass ba lance over the altitude ra nge of 
the g lac ier to th e m agnitude of a sm a ll temperature change. 
It does not take time-dependent changes in the geometry of 
the glacier into aCCO llnt. Although the stati c sensiLivity is 
de fin ed with respecL to a small unifo rm change in temper
a ture, it is useful to compute the change in specific m ass 
ba la nce as a consequence of a finite temperature cha nge 
which may vary through the year w ith and without a n 
accompanying prec ipitation increase. The results o f such 
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computa ti ons lo r Blondlu o kull/K\'islaj okull a nd Ilh-iora
jokull a re shown in Tables 3 a nd 4. i\lost of the \'alues in the 
tabl es a re in the ra nge - 0.5 to - 1.0 m Cia I. Seasona l \'ar
iati on and a prec ipitati o n reduce the sensitivity byapprox
imatel y 0.1 mUC 1 a 1 each, whereas the non-linea r effect o f 
the finite size of the warming increases the sensiti vity by 
- 0.1 to - 0.3 m 0C 1 a - I fo r D..T in the range 2- 3 C compared 
with a sm a ll !:::..T. 

Th e d ynamic sensitivity is computed direc tl y from the 
volume r eduction o[ the g lac ier as it responds to a time-

Ta ble 3. Sensitivity rifgLacier mass balance Jor a uniform 
tellljJeratuTe illaease with and wilhoul a 5% precipitatio1l 
increase /Je7' °C of warming 

Blollrilljokll ll/ Ai'':,lajokull l//L"iorfUO'kll // 

6.T S:; I'" O S'.:; p~o S.:;p",o S:; I'- O 

C C I 1 C la I c: 1 I C 1 
III a 111 III a III a 

0. 1 O . .'i - 0.6 (J.7 - 0.8 
1.0 0..') (J.6 (J.8 0.9 
2.0 O.G - 0.7 0.9 - I.(J 
3.0 0.7 - 0.8 1.0 1.1 

Ta bLe 4. Sensitivity rif glacier mass balal/ce Jor a seasonal 
temperature il/crease where winter warming is -10% higher 
than summer warming with and without a 5% jJTmjJitation 
increase per 0c; of warll1ing 

Btol/dlljokllt 1/ /\ 1'lsI (Uaklll I l/Il' i!) /"{uo'kllll 

6.T S:; I'#O S':; I'_O S':; I'# O S':; I'_O 

C c: I I c: I I c.: I I C 1 
111 a 111 a Il1 a III a 

0. 1 - 0.+ - 0.5 0.6 0.7 
1.0 0.5 - 0.6 0.7 - (J.H 

2.0 0.5 0.6 0.8 0.9 
3.0 0.6 0.7 0.9 1.0 

1 

I 

dependent climate cha nge. It therefore ta kes into acco unt 
both the wa rming associated with the lowering of the ice 
surface a nd the retreat of the glacier terminus in addition 
to seasona l va ri ation in the wa rming, a precipitation 
increase if present and the finite size of the wa rming which 
arc described above. H e re the dynamic sensiti vity is com
puted as the total change in the volume of the g lacier in the 
transient run described in the previous sec tion divided by 
the originaL a rea of the g lacier at the sta rt 0 (' the integration 
and the average temperaLure change O\'er the time interval. 
The dynamic sen itiviti es derived in thi s way for Blondu
jokull /Kvislajokull and Illvi o raj okull arc give n inTable 5. 

The dynamic sensiti v ity increases slightl y with time 
during the fi rst decades due to the lowering of the ice surface 
and reaches a fairly fl a t m ax imum around the time when 
the terminus sta rts retreating. The sensiti v ity does not sta rt 
to fa ll o ff rapidly until a ft er a bout 100 yea rs. The fa ll is due to 
an accelerating retreat o f the terminus. The dynamic lower
ing of the ice surface increases the sensiti\'it y by less than -
0.1 me t a I. For integra tions longer than 100 years the low
ering of the sensitivity due to the retrea t of the terminus is 
substa nti a l, a ncl the sensitivity is reduced by about 50 % [o r 
200 year long integrati o ns. 
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Table 5. pynamic sensiliviljl q/ glacier mass balance as a 
Junc/ioll Q/time}i"OlI1/he stal'l q/lhe il1legralionJor a seasonal 
temjJera/lIre change with a 5% jJ1-ecipilatioll increase per QC 
vu'arming 

7 ill1e Sellsitil'i{J' 

B/ol/dl/joklllll It drlajokll// Jlh'iorajokl/// 

C I I C I I :·('ars m a m a 

20 0.+ 0.6 
-la 0.3 0.7 

100 0.5 0.6 
150 0.+ 0.5 

200 0.3 0.+ 

CONCLUSIONS 

The modelling indicates that future climate warming of 
about O.3°C p er decade will have a dramatic e fTec t on the 
two glaciers considered. The vo lum e of the glaciers will be 
reduced by nea rly +0 % during the next centur y, a nd the 
ru no[f contribution from the dim i n ishi ng ice storage wi 11 
significa ntl y increase the run ofT in the rivcrs iss uing from 
g laciers. The glac iers will essenti a ll y disappear during the 
next 200 yea rs if the warming specified by the climate sccn
a rio continues una bated. 

The response time of the g laciers estim ated by 
numerical modelling is 50- 100 years and can be deri\'ed 
theoreticall y from the current geome try a nd mass-ba lance 
cha racteristics of the glaciers. The dynamic response of the 
g lac iers to moderate climate changes can be app rox im ated 
by a linear rese n 'o ir with the a ppropri ate response time. 
This indicatcs tha t the dynamic response of other temperate 
g laciers to clim ate changes can be est imated using a simple 
model based o n a linear reservo ir without perfo rming 
de tail ed numerical ice-OOlI' modelling of the glaciers. 

The sensitiyity of the mass balance of glaciers to a tem
perature increasc is found to depend on the magnitude and 
seasona lit y of the warming, the presence of an accom
panying prec ipita tion increase a nd the dynamic lowering 
of the ice surface and the retrea t of the tcrminus. These 
cfkcts a rc partl y coullleract i\·c and the dynamic sensiti\'ity 
during the initi a l 100 years is not \ 'Cry difTerent from the 
sta tic sensitivity computcd from the current geometry of 
the glaciers. After about 100 years the scnsiti\'ity is signifi
cantly reduced due to the dec rease in the ice-cove red a rea 
that r es ults from the retreat of the glac iers. 
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