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The response of two Icelandic glaciers to climatic warming
computed with a degree-day glacier mass-balance model
coupled to a dynamic glacier model
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ABSTRACT. A degree-day glacier mass-balance model is coupled to a dynamic
glacier model for temperate glaciers. The model is calibrated for two outlet glaciers from
the Hofsjokull ice cap in central Ieeland. Tt is forced with a climate scenario that has re-
cently been defined for the Nordic countries for the purpose of outlining the hydrological
consequences of future greenhouse warming. The scenario for Ieeland specifies a warming
rate of 0.25°C per decade in mid-summer and 0.35°C per decade in mid-winter with a
sinusoidal variation through the year. The volume of the glaciers is predicted 1o decrease
by approximately 40% over the next century, and the glaciers essentially disappear
during the next 200 years. Runoff from the area that is presently covered by the glaciers
is predicted to increase by approximately 0.5 ma ' 30 years from now due to the reduction
in the volume of the glaciers. The runoff increase reaches a flat maximum of 1.5-2.0 m a

100-150 years from now and levels off alter that. The predicted runofl increase leads to a
significant increase in the discharge of rivers fed by meltwater from the outlet glaciers of
the ice cap and may have important consequences for the operation and planning of

hydroelectric power plants in Iceland.

INTRODUCTION

The mean surface air temperature of the Earth may rise by
about 0.1-0.35"C per decade during the next decades due to
increasing concentrations of CO, and other greenhouse
gases in the atmosphere (Houghton and others, 1990, 1992,
1996). If realised, this warming will cause worldwide glacier
retreat and lead to major runoll changes in glaciated areas.
Increased runofl” from glaciated areas is important for
future global sea-level rise that may occur as a consequence
of future climate warming (Warrick and others, 1996).
Glacier dynamics will play a significant role in determining
the time-dependent evolution of future runofl’ changes in
glaciated areas. Therefore it is important to study the inter-
action between predicted glacier mass-balance changes and
glacier dynamics when future runoff changes [rom glaciated
areas are analyzed.

The ratio of the rate of change of glacier volume to a
small change in a climatic parameter, usually temperature,
1s termed the static sensitivity of glaciers to climate changes
(Warrick and others, 1996). The static sensitivity ignores the
cffect of time-dependent retreat of the glacier terminus,
changes in the geometry of the glacier, non-linear effects
due to the finite size of the climate change and other dy-
namic and non-linear effects. Including these effects leads
to the concept of dynamic sensitivity of glaciers to climate
change. The contribution of glaciers and ice caps to global
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sea-level rise in the future is analyzed in two independent
ways in Warrick and others (1996). An approach based on
Wigley and Raper (1995) takes dynamic effects into account
in a heuristic way, whereas an approach based on Oerle-
mans and Fortuin (1992) uses a range of static sensitivities
of glaciers depending on latitude, The results of the two
approaches differ considerably, but both nevertheless indi-
‘ate an average near 05 mw.e.a ' C ' for the global sensi-
tivity of glacier mass balance to climate warming in the
early part of the next century.

As part of the Nordic project, Climate Change and
Energy Production (Salthun, 1992), a coupled dynamic/
mass-balance glacier model for temperate glaciers has been
developed in order to estimate the effects of global warming
on glacier mass balance and runofl’ from glaciated arcas. A
special version of the HBV hydrological runoff model has
been applied to selected Nordic river basins in order to esti-
mate the hydrological effects of global warming (Salthun
and others, 1994a, b; HBV (Hydrologiska Byrin Vatten-
balansscktionen) is the section at the Swedish Meteorolog-
ical and Hydrological Institute where the model was
initially developed). The leclandic river basins chosen for
this study are partly glaciated. In order to estimate the effect
of the retreat and thinning of glaciers within the basins, the
coupled dynamic/mass-halance glacier model was run for
these glaciers, and simulated changes in the extension and
the altitude distribution of the glaciers were used in the
hydrological modelling. The primary motivation behind
this work was to estimate the hydrological consequences of
climate changes in partly glaciated watersheds in Iceland.
The results are also relevant in a wider context due to the
importance of glaciers and small ice caps for future sea-level
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rise as mentioned above, because they shed some light on
the relation between the static and dynamic sensitivity for
the glaciers in question.

The results of the glacier modelling for two of the Icelan-
dic glaciers that were considered in this modelling effort are
described in this paper. These are Blondujokull/ Kyvislajokull
on the western side of the Hofsjokull ice cap, central Iceland,
and an unnamed outlet glacier on the northern side of Hofs-
jokull, which has been called Tllvidrajokull, at Orkustofnun
(see Fig. 1). In each case, the glacier that was modelled was
delimited by the water divides of the rivers that were being
considered in the runofl modelling, i.c. the river Blanda in
the case of Blondujokull/Kvislajokull and the river Austari-
Jokulsa in the case of Tllviorajokull (see Fig. 1). The location
of the water divides and the area distribution of the ice sur-
face and subglacial bottom topography are taken from
Bjornsson (1988).

Glaciers in Iceland started retreating from their Little
Tce Age maximum between 1850 and 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, especially after 1970
(Thérarinsson, 1974; Bjirnsson, 1980). Since about 1985 the
climate has become warmer and many glaciers have started
retreating again. On average, around 50% of monitored
non-surging glaciers in Iceland have been advancing and
around 50% have been retreating in the period 1970-90
(Johannesson and Sigurdsson, 1992). On the whole, glaciers
in Iceland may therefore be expected to respond to future
climate changes from an initial state which is relatively close
to a steady-state condition (at least compared with the rapid
retreat between 1930 and 1960), although the time period
1960-90 is too short for the glaciers to fully adjust to the
climate during this period.

THE GLACIER MASS-BALANCE MODEL

The dynamic glacier model is coupled to the degree-day
mass-balance model, MBT (Mass Balance of Temperate
glaciers; Johannesson and others, 1995b). This model com-
putes glacier mass balance as a function of altitude based
on ohserved temperature and precipitation at a meteorolog-
ical statiomn.

Meteorological data from the meteorological station
Nautab (65°27'N, 19722 W, 115 ma.s.l) were used in the
mass-balance modelling for both glaciers. Data from the
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meteorological station Hveravellir were used in the model-
ling of the mass balance of Satujokull in Johannesson and
others (19953Dh). In the study described here, the meteorolog-
ical station Nautabti was chosen in preference to Hveravel-
lir. Hveravellir is situated in a sheltered location between
the ice caps Langjokull and Hofsjokull, and Nautabt is be-
lieved to be more representative of the hydrological basins
of the rivers which were considered in the hydrological mod-
clling.

Precipitation and temperature at altitude z on the
glacier are computed assuming a linear precipitation and
temperature variation with altitude.

T(2) = T(2rety) — g1(2 — 2rety) s
P(z) = [1 + gp(z— Zreflp )}P{Zl‘l'h-) .

where 2., is the elevation the meteorological station, zyef, 1s
a reference elevation for the precipitation gradient on the
glacier (sce below), and gr and gp are the gradients of tem-
perature and precipitation, respectively. The special version
of the HBV hydrological model which was used in this study
represents the variation of precipitation with altitude as a
linear function in up to two elevation ranges, This feature
was used to specify different precipitation gradients for the
ice-free and glaciated parts of the watersheds, a relatively
low gradient of 8% per 100 m for the ice-free highland areas
and a higher gradient of 30-50% per 100m (see Table 2
below) for the glaciated parts of the basins. The reference
elevation for the precipitation gradient on the glacier is
therefore higher than the elevation of the meteorological
station. A precipitation correction with separate correction
factors for rain and snow was applied to the precipitation
data in order to compensate for the effect of wind on the pre-
cipitation measurements and to transfer the precipitation
measured at the meteorological station to the watershed in
question. The correction factor for rain was given a value of
1.1 and the correction factor for snow was 1.4 for Blanda and
1.5 for Austari-Jokulsd. Precipitation on the glacier is
assumed to fall as snow if the temperature at the altitude in
question is below a specified threshold (seeTable 2 below).
Melting of snow and ice is computed from the number of
positive degree-days (PDD), using different degree-day fac-
tors (amount of melting per PDD) for snow and ice. A statis-
tical approach was used in the determination of the number
of positive degree-days. Variation of temperature within the
vear was modelled as a sinusoidal function with superim-
posed statistical fluctuations which are assumed to be nor-
mally distributed with a standard deviation ¢ (see Rech
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Fig. 1. Map showing the location of Hofsjikull in Iceland ( left) and the location of the outlet glaciers of Hofsjokull ( right ).
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(1991) and Johannesson and others (1995h) for a more
detailed description of this approach ).
The sinusoidal temperature variation is given by
0y v
Tl =T = T(.l.('()s'%]lﬂL + T Hiuz‘—T ;

where tis time and A is the length of a calendar year. The
mean value and amplitude of the sinusoidal function were
chosen to be 257 and 7.1°C, respectively. in accordance with
measured yearly mean temperature and the July temper-
ature at the Nautabi meteorological station in the period
1961-90. The statistically determined PDD is given by

o v i
PDD = ‘ —I—J (T - '1‘,,,,.(.“,)(\.’[T*TIM!]L’!(E”Z)def :
Jo ov2x Jo

where T is temperature at the elevation in question and
Tihesh is a threshold for the degree-day computations, The
standard deviation of the statistical (luctuations was chosen
to be @ =337 C. The mass-halance model as deseribed here
computes the average variation of the glacier mass balance
with elevation for the time period 1960-90, A detailed des-
cription of the mass-balance model is given in Johannesson
and others (1995h),

The mass-balance model was calibrated by alternating
runs ol the HBV runoff model and the glacier mass-balance
models as described by Einarsson and Johannesson (1994),
Parameter adjustments were required in the hydrological
modcl in order to produce better agreement with the hydro-
logical discharge records in the rivers, so as 1o give modelled
average variation of the glacier accumulation and ablation
with elevation in agreement with available evidence about
glacier accumulation and ablation. In each case a 7 year
period of discharge measurements in the river was used for
the calibration, and the rest of the available discharge data
were used for verification. In this way, it was possible to de-
rive model parameters which gave simulated glacier mass-
balance components in reasonable agreement with avail-
able glacier mass-balance observations (personal communi-
cation from O. Sigurdsson, 1994), and at the same time
simulated runoff curves in agreement with observed runoll’
ol the rivers fed by meltwater from the glaciers,

Scattered mass-balance measurements are available for
[llviorajokull, but only a few measurements are available
from the upper part of the accumulation arca of Blindu-
Jokull/Kyislajokull, and no ablation measurements exist
from this part of the Hofsjokull ice cap (personal communi-
cation from O. Sigurdsson, 1994). Mass-balance measure-
ments have been performed on the neighbouring Satujikull
(see Fig 1) since 1988 (Sigurdsson, 1989, 1991, 1993). The scat-
tered mass-balance measurements from Illviorajokull indi-
cate that its mass-balance characteristics are similar to
those of Situjékull. The limited accumulation measure-
ments on Blondujokull/Kyislajokull indicate that there is less
precipitation on this part of the ice cap than on the neigh-
bouring Satujokull, and runofl measurements in Blanda
and Austari-Jokulsa indicate that ablation on this glacier is
also somewhat lower than on Satujokull at the same eleva-
tions. Based on these considerations, the degree-day coeffi-
cients for ice and snow for Nvidrajokull were chosen to be
the same as previously determined by mass-balance model-
ling for Sawjokull by Johannesson and others (1995h).
Degree-day coefficients for Blondujokull/Kyislajokull were
chosen to be somewhat lower than for Satujokull in order
to produce glacier runofl in accordance with runoff meas-
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urements in Blanda. The temperature lapse rate for both
glaciers was given a value of 06°C per 100 m which is
slightly higher than used in_Jéhannesson and others (1995b)
for Satujokull. A degree-day threshold of ~0.5°C (see the
equation for PDD above) was used for the Blanda watershed
in order to improve the seasonal variation of the runofl, but
this has little effect on the glacier mass-balance modelling
compared to a model with slightly higher degree-day coefli-
cients and without a degree-day threshold. A degree-day
threshold was not specified for the Austari-Jokulsa water-
shed. "lables | and 2 summarise the glacier mass-balance
model parameters for the two glaciers,

Table 1. Station and mass-balance model parameters common
lo both glaciers (see Jihannesson and others (1995h) for
Surther explanation )

FParameter Name  Talue Uit
Elevation of temperature station clt 115 mas.l.
LElevation of precipitation station elp 115 ma.s.l.
lemperature lapse rate art 0.6 C per 100 m
Temperature standard deviation sgm 3.3 C
Snow/rain threshold Lsn 1.0 c
Snow thickness used in degree-day s1§ 0.3 mw.e.
computations
Refreezing ratio rfr 0.07 |

dable 2. Mass-balance model parameters which are different
Jor the two glaciers ( the column labelled “Blanda” applies to
Blindujikull/ Kvislajikull, and the column labelled “Jikulsd™
to Hlvidrajikull; see Johannesson and others (1995bh) for
Jurther explanation )

FParameter Name lalue Uit
Blanda  Jikulsi
Degree-day factor for ice ddi - 000495 000756 mwe, ¢ 'd !
Degree-day factor for snow dds 00045 00056 mwe € 'd !
Starting elevation lor elg 900 990 mas.l
precipitation gradient
Precipitation/elevation gradient — grp 036 0.496 | per 100 m

The precipitation gradient on the glaciers was deter-
mined such that the glacier mass-balance model predicted
the glacier to be in approximate equilibrium in the period
1961-90. This is somewhat arbitrary of course, but the avail-
able evidence indicates that the glaciers were close (o equili-
brium in this period (personal communication from O.
Sigurdsson, 1994). The precipitation gradient determined in
this way (sce ‘lable 2) led to modelled accumulation in
relatively good agreement with the available accumulation
measurements from the upper part of the accumulation
areas ol the glaciers and of the neighbouring Satujokull.
The glacier models thus start from an approximate steady
state that is assumed to represent the climate of 1961-90,
which is the climatological baseline chosen for the Climate
Change and Energy Production project.

THE DYNAMIC GLACIER MODEL

The dynamic glacier model is a slightly modified version of
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the model described in Johannesson (1991). It describes the
glacier as a one-dimensional flow system analogous to tradi-
tional models of valley glaciers flowing in valleys with vari-
able width w(x, h) (see Waddington, 1982). "The model is
based on the equation of continuity for ice, assuming a un-
ique density of ice and a flux-geometry relationship which
incorporates the flow law or the rheology of ice. The ice flow
is described by the ice-volumeflux distribution Q(z, t);
which is related to ice thickness h(z, t), channel cross-
section area A(x., t) and mass balance B(x, t), through the
one-dimensional continuity equation (Paterson, 1981),

A aqQ

it
at  ox
where = denotes distance along the flow channel and # de-
notes time.

For the two glaciers considered here, it is assumed that
the ice thickness is only a function of the distance x along
the flow channel which implies that the width w of the chan-
nel is independent of the ice thickness f. For this simple geo-
metry, the flux geometry relationship will be taken to be

o N
q =M - I{(_d“‘) e

w ox

where 2, is the altitude of the ice surface, K=
24(pg)"/(n+2), n=3, p=90kgm °, g=982m s =
and A =53 x 10 *'s 'Pa ? is a constant in the flow law of
ice (Paterson, 1994). Formally, this flux—geometry relation-
ship ignores basal sliding, but as in Johannesson (1991) it will
be assumed that sliding can be adequately taken into
account by varying the constant i in the above equation.
In view of the uncertain values of the constants A and n in
the flow law of ice (see Paterson, 1994) this is not a drastic
simplification.

The numerical formulation of the model equations is
hased on the control-volume concept (Patankar, 1980). A
time step At =1 year and a grid spacing Az =0.25km in
the interior of the glaciers and Az = 0.1 km near the termi-
nus were used in the numerical calculations.

The bedrock and ice surface of the datum model glaciers
were determined from the area distributions ol the sub-
glacial bedrock and the ice surface for the corresponding
watersheds of the Hofsjokull ice cap in the same way as des-
cribed in Jéhannesson (1991). The width, w(z), of the flow
channels was estimated from recent maps of the Holsjokull
ice cap (Bjornsson, 1988). Figure 1 shows the divides which
were used in the delineation of the glaciers. This procedure
provides one-dimensional flow-channel model glaciers with
the same area distributions of the bedrock and ice surface as
are observed for the glaciers under consideration. Due to the
simplifying assumptions about the geometry of the glaciers,
cach outlet glacier is considered independent of other outlet
glaciers from the same ice cap, and all transverse variations
in the ice surface and bedrock geometry are ignored. Thus,
the models are very crude representations of the real
glaciers. However, one may expect that the simulated res-
ponse of the model glaciers to climate changes will capture
the main features of the response of the real glaciers to such
changes, because the model glaciers have the same size and
overall shape as the real glaciers and a [airly realistic mass-
balance distribution. One must keep in mind that the sub-
division of the Hofsjokull ice cap into independent ice-flow

basins in the manner attempted here is an approximation of

the true dynamics of the ice cap, which must involve some

Q) A
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interaction between the ice-llow basins. This becomes espe-
cially important if the modelling leads to substantial modi-
fications in the volume of the glaciers, which in reality may
be expected to alter the division of the ice cap into ice-flow
basins. This should be borne in mind when the results of the
transient model runs presented below are interpreted.

The coupled dynamic/mass-balance glacier model was
run until it reached a steady state for the present climate as
specified by the temperature and precipitation of Nautabn
in 1961-90. The area distribution of the modelled steady
state is compared with the measured area distribution in
Figure 2. It is seen that the overall thickness and shape of
the glaciers is adequately represented by the model,
although there are slight discrepancies between the meas-
ured and modelled distributions in the upper part of the ac-
cumulation areas.
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Fig. 2. Measured area distribution with elevation of the bed-
rock and ice surface (solid curves) for Blindujékull/
Kvislajikull ( wpper panel) and Illvidrajikull ( lower panel )
together with the area distribution of the modelled steady~state
ice surface corresponding to the climate of 1961-90 ( dashed
curve ). The measured distributions are taken from Bjarnsson
(1988).

RESPONSE TIME

The response time of a glacier can be defined as the time
constant in an exponential asymptotic approach to a final
steady state after a sudden change in climate to a new con-
stant climate. Behind this definition lies the assumption that
the time-dependent approach of a glacier to a new steady
state after a small step change in climate will be relatively
close to an exponential variation. It is of course possible to
bypass this assumption of near-exponential variation by de-
fining the response time as the time it takes the glacier
volume perturbation to reach (1-¢ Y ofits final steady-state
value. This, however, eliminates only superficially the hid-
den assumption of 4 near-cxponential variation, because a
response time defined in this way would be of little value if
the time-dependent response were in fact far from exponen-
tial. It is of interest to compute the time-dependent response
of glaciers to small step changes in climate both for esti-
mating the response time of the glaciers and also to compare
the response to an exponential variation, i.e. AV = AV,
(1 —e !/7), where AVy is the volume perturbation in the
limit { — oo, and 7 is the response time.
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The response time of the glaciers was estimated by sud-
denly increasing the temperature by 0.5°C and analyzing
the approach of the glaciers to a new steady state. Figure 3
compares the computed approach to a new steady state with
an exponential variation predicted for a linear reservoir
with a response time of 100 years for Blondujokull/Kvisla-
jokull and 60 years for Ilvidrajokull. It is evident that the
time-dependent approach to a new steady state is relatively
close to an exponential variation. This conclusion is approx-
imately valid for other temperature changes over a wide
range of values until the steady-state volume change caused

by the temperature change becomes on the order of one-half

of the current volume of glaciers (not shown),
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Fig. 3. Relative volume reduction as a function of time ( sym-
bols ) following a sudden warming of 0.5°C compared with
an exponential relaxation with a time-scale of 100 years for
Blindujikull/Koislajokull and 60 years for Illvidrajikull
( solid curves ).

The estimated response times may be compared with
the theoretical estimate 7 = hy,_/(—br) (see Johannesson
and others, 1989a, b), where hy,,. is a scale for the (maxi-
mum) thickness of the glacier and (—by) is a scale for the
mass balance near the terminus (more exactly the average
mass balance on the region exposed by the retreat of the
glacier or advanced over by an advancing glacier), For
Blondujokull/Kvislajikull — this
ho,.. =250m and (—=by) =27ma ), and for Ilviorajokull
7 =79 years (b, =300m and (—by) =38 ma ), il the mass

esimate is T7=93 vears

balance around 900 ma.s.]. is used for estimating (—brp).
The theoretical estimate does not take the effect of variation
in the width of the glacier with distance along the flow chan-
nel into account. As discussed in Johannesson and others
(1989a), one may expect the response time of glaciers in
widening flow channels to be somewhat shorter than that
ol glaciers of uniform width. The response time of a glacier
in a linearly widening channel (or equivalently a cylindri-
cally symmetrical ice cap) may be expected to be reduced

hy a factor of two-thirds compared to the response time of

a glacier of uniform width. The width of Hlvidrajikull
increases approximately lincarly with distance along the
low channel, whereas the width of Blondujokull/Kvisla-
Jokull increases rapidly in the upper part of the accumula-
tion area and relatively slowly in the lower part of the
accumulation area and in the ablation area (see Fig 1),
Therefore, the above theoretical estimate of the response
time of Blondujokull/Kvislajokull is appropriate, but the

estimate for Illviorajokull should be reduced by a factor of

the order of two-thirds to approximately 53 vears in order
to take the effect of the shape of the glacier into account.
The theoretical estimates do not take mass-halance eleva-
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tion feedback into account and one may expect the true res-
ponse time to be somewhat longer than the theoretical
estimates due to this effect,

The numerically estimated response times of Blindu-

Jokull/Kvislajokull (100 years) and Ilvidrajokull (60 years)

are in reasonable agreement with the theoretical estimates
when the effect of the variation of the channel width is
accounted for as discussed above (93 years for Blondujo-
kull/Kvislajokull and 53 years for Hlvidrajikull) and the
expected effect of mass-halance elevation feedback on the
response time is kept in mind. Previous modelling of the en-
tire Hofsjokull ice cap with a simpler numerical model indi-
cated a response time of 30 vears for the whole ice cap
(Johannesson, 1991). The notion of different response times
lor different outlet glaciers and ice-flow basins of the same
ice cap is of course only approximately valid. Nevertheless,
the above results indicate that the response of the Hofsjokull
ice cap and/or its individual ice-flow hasins to moderate
climate changes can be qualitatively modelled with a linear
reservoir with a response time of 50+ 100 years and that this
estimate of the response time can be derived theoretically
from the current geometry and mass-balance characteris-
tics ol the ice cap.

TRANSIENT RESPONSE TO CLIMATE CHANGES

For lecland, the climate scenarios used in the Climate
Change and Energy Production project specify a warming
rate of 0.25°C per decade in mid-summer and 0.35°C per
decade in mid-winter, with a sinusoidal variation through
the year (Johannesson and others, 1995a). Precipitation is
assumed to increase by 5% per 'C of warming. These
climate trends were superimposed on the average temper-
ature and precipitation of the period 1961-90 in transient
runs of the coupled dynamic/mass-balance glacier model.
The glacier models were run 200 vears forward in time
from a near-steady state at £ = 0. The retreat of the glaciers
is shown in Figure 4. The reduction in the volume of the
glaciers after 100 years is about 40% for cach glacier, and
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Fig. 4. Glacier profilesas a function of lime for 200 years after
the climate starts to warm for Blindwokull/Keislajikull
(upper panel ) and Heidiajikull ( lower panel ). The outer-
masl profile is the datum ice-surface profile at t = 0, and the
mnermost profile is the ice surface at t = 200. The time in-
terval between the profiles is 50 years. The lowest profile in
each panel is the glacier bed.
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the reduction in the ice-covered area is about 20% for
Blindujokull/Kyislajokull and 25% for Hlvidrajokull at £ =
100. The glaciers essentially disappear at ¢ = 200, with less
than 10% of the initial ice volume remaining,

The reduction in the volume of the glaciers leads to a
substantial increase in glacier runofl. Figure 5 shows the
variation of the ice volume of the glaciers with time, and
the predicted runofl increase from the area presently cov-
ered by the glaciers. After 30 years the runoff contribution
due to the negative net balance of the glaciers to the runofl
[rom the arca presently covered by the glaciers is 0.5 ma
for Blondujokull/Kvislajokull and 0.6 ma ' for Tlvidra-
jokull. This is approximately 25% of the present runoff from
the glaciers, This runoff’ contribution increases approxi-
mately linearly to a maximum of about Lo ma 'for Blondu-
jokull/Kvislajokull and 1.8 ma " for Tlviorajakull 100150
years from now. This is close to 75% of the present runoff
from the glaciers. The runoff'starts to decrease after approx-
imately 150 years due to the reduction in the ice-covered
area, but it is still significantly above the present runofl at
t = 200. These results are in qualitative agreement with
the previous results of Johannesson (1991) for the entire
Hofsjokull ice cap which were based on a much simpler
glacier mass-balance model.
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Fig. 5. Glacier volume as a function of time ( solid curves ) and
predicted runoff increase from the area presently covered by the
glaciers due to the reduction in the ice volume ( dashed curves)
Jfor Blindujokull/Koislajikull {upper panel) and Hlvidra-
Jokull (lower panel ).

MASS-BALANCE SENSITIVITY

The sensitivity of the mass balance of glaciers and ice caps to
climate changes is important for future global sea-level rise
that may occur as a consequence of climate warming as dis-
cussed in the introduction. The static sensitivity is typically
defined as the ratio of the change of the area-weighted aver-
age of the specific mass balance over the altitude range of
the glacier to the magnitude of a small temperature change.
It does not take time-dependent changes in the gecometry of
the glacier into account. Although the static sensitivity is
defined with respect to a small uniform change in temper-
ature, it is useful to compute the change in specific mass
balance as a consequence of a finite temperature change
which may vary through the year with and without an
accompanying precipitation increase. The results of such
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computations for Blondujokull/Kvislajokull and llvidra-
jokull are shown inTables 3 and 4. Most of the values in the
tables are in the range 0.5 to —1.0m"C 'a ! Seasonal var-
iation and a precipitation reduce the sensitivity by approx-
imately 0.1m°C 'a ' each, whereas the non-linear effect of
the finite size of the warming increases the sensitivity by
0.1 to 03 m°C "a 'for AT in the range 2-3°C compared
with a small AT.

The dynamic sensitivity is computed directly from the
volume reduction of the glacier as it responds to a time-

Table 3. Sensitivity of glacier mass balance for a uniform
temperature increase with and without a 5% precipitation
inerease per “Cof warming

Blindujikull /Koislajokuil Nllviorajokull
AT S__\J'lu SJP—H SAI';U Sap=0
C m°Cla?! moG!'a mea et meE k!
0.1 0.5 —0.6 0.7 0.8
1.0 0.5 0.6 0.8 0.9
20 0.6 0.7 09 1.0
3.0 0.7 0.8 1.0 1.1

Table 4. Sensitivity of glacier mass balance for a seasonal
temperature increase where winter warming is 40% higher
than summer warming with and without a 3% precipitation
increase per (. of warming

Blindwyikull/ Kvistajokull Hlvidvajikull
AT Sapzo Sap=n Sarzo Sap=n
C pPC Y mea mao e mogta
0.1 0.4 0.5 0.6 0.7
1.0 0.5 —0.6 0.7 0.8
2.0 0.5 0.6 0.8 0.9
3.0 0.6 0.7 0.9 1.O

dependent climate change. It therefore takes into account
both the warming associated with the lowering of the ice
surface and the retreat of the glacier terminus in addition
to seasonal variation in the warming, a precipitation
increase if present and the finite size of the warming which
are described above. Here the dynamic sensitivity is com-
puted as the total change in the volume of the glacier in the
transient run described in the previous section divided by
the ariginal area of the glacier at the start of the integration
and the average temperature change over the time interval.
The dynamic sensitivities derived in this way for Bléndu-
jokull/Kvislajokull and Illviorajokull are given in'Table 5.

The dynamic sensitivity increases slightly with time
during the first decades due to the lowering of the ice surface
and reaches a fairly flat maximum around the time when
the terminus starts vetreating, The sensitivity does not start
to fall ofl rapidly until after about 100 years. The fall is due to
an accelerating retreat of the terminus. The dynamic lower-
ing of the ice surface increases the sensitivity by less than —
01m°C 'a ! Forintegrations longer than 100 years the low-
ering of the sensitivity due to the retreat of the terminus is
substantial, and the sensitivity is reduced by about 50% for
200 year long integrations.
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Table 5. Dynamic sensitivity of glacier mass balance as a

Junction of time from the start of the integration for a seasonal
temperature change with a 5% precipitation increase per °C
of warming

Time Sensitivily
Blindujikull/ Kvistayikull THvedragokull
vears S T i il
20 0.4 0.6
40 0.5 07
100 0.5 .6
150 0.4 0.5
200 0.3 04
CONCLUSIONS

The modelling indicates that future climate warming of
about 0.3°C per decade will have a dramatic effect on the
two glaciers considered. The volume of the glaciers will be
reduced by nearly 40% during the next century, and the
runofl’ contribution from the diminishing ice storage will
significantly increase the runofl’ in the rivers issuing from
glaciers. The glaciers will essentially disappear during the
next 200 years il the warming specified by the climate scen-
ario continues unabated,

The response time of the glaciers estimated by
numerical modelling is 50-100 vears and can be derived
theoretically from the current geometry and mass-balance
characteristics of the glaciers. The dynamic response of the
glaciers to moderate climate changes can be approximated
by a linear reservoir with the appropriate response time.
T'his indicates that the dynamic response of other temperate
glaciers to climate changes can be estimated using a simple
model based on a linear reservoir without performing
detailed numerical ice-flow modelling of the glaciers.

The sensitivity of the mass balance of glaciers to a tem-
perature increase is found to depend on the magnitude and
seasonality of the warming, the presence of an accom-
panying precipitation increase and the dynamic lowering
of the ice surface and the retreat of the terminus. These
effects are partly counteractive and the dynamic sensitivity
during the initial 100 years is not very different from the
static sensitivity computed from the current geometry of
the glaciers. After about 100 years the sensitivity is signifi-
cantly reduced due to the decrease in the ice-covered area
that results from the retreat of the glaciers,
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