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1 Introduction

Global warming during the next decades due to increasingertrations of C@and other trace gases
in the atmosphere (IPCC, 1990, 1996, 2001) is expected ®pr@nounced effects on glaciers and ice
caps and lead to major runoff changes from glaciated areasyIglaciers and ice caps are projected
to almost disappear during the next 100-200 years. Theseehanay have both local and global
implications, such as changes in the discharge of glacatsi(Hocket al, 2005), changes in the
vertical stratification in the upper layers of the Arctic @ogCurryet al, 2003) and a rise in global
sea level (Churclet al,, 2001).

Effect of future climate changes on the mass balance andfrinom the Hofsjokull ice cap, cen-
tral Iceland, was considered in the Nordic research prdpichate Change and Energy Production
(CCEP) (Seelthumet al, 1998; J6hannessaet al, 1993, 1995a,b; J6hannesson, 1997) based on mass
balance measurements carried out by the Hydrological SeBivision of the National Energy Author-
ity (NEA) during the years 1988-1992. As a part of the Nor@isgarch project€limate, Water and
Energy(CWE, “http://www.0s.is/cwe”) an€limate and EnergYCE, “http://www.0s.is/ce”), and their
Icelandic counterpartgedurfar, vatn og orkandVedurfar og orkaVVO and VO, “http://www.0s.is/-
vv0”), a new mass balance model for Hofsjékull has been ol based on mass balance measure-
ments up to and including the mass balance year 2003/20@4r{Sson, 1989—2004), a total of 17
mass balance years. This mass balance model has been usedGWE/CE/VVO/VO as a part of
dynamic modeling of the glacier for assessing the time-dédget reduction in ice volume caused by
climate warming (Adalgeirsdottir, 2003; Jéhannessbal., 2004). This report describes the develop-
ment of the mass balance model, the definition of climate ghacenarios for glacier modeling in the
Icelandic highland based on the CWE-NCS climate changeasicefor the Nordic countries (Raisa-
nen, 2003; Rummukainegt al., 2003), and the results of mass balance modeling for fouresies
for changes in temperature and precipitation that reptetifarent possibilities for the development
of the climate of Iceland during the 2Tentury.

2 The mass balance data set

The mass balance data set from the Hofsjokull ice cap cansigtbservations from the outlet glaciers
Satujokull, bjérsarjokull and Blagnipujokull from the pmt 1988 to 2004 carried out by the National
Energy Authority (Sigurdsson, 1989-2004). The stake neétuwgoshown in Figure 1. The winter bal-
ance is typically measured in early May and the summer balamt¢éate September. The measured
winter mass balance at the stakes is in many cases, espégcitiie ablation area of Satujokull, aug-
mented with snow thickness measurements that are carridey ouanual probing down to the previous
late summer or fall surface (ice in the ablation area) betwibe stake locations and also to the sides
of the main stake lines.

Measurements at some stakes are missing in some years amsisebalance values measured
at the individual stakes may contain fluctuations due tollooaditions that are not considered repre-
sentative for the elevation range where the stake is locdtked winter and summer measurements of
each mass balance year from each outlet glacier are intedpire terms of mass balance as a unique
function of elevation over the entire elevation range of ib&pective glacier. The interpreted values
are used to estimate the specific winter, summer and annwsa badance for the three monitored ice
flow basins on the ice cap in the annual mass balance repdrseTinterpreted data are the main data
for the modeling described in this report, although the ra@asurements at the stakes are also used
for comparison. For the purpose of the modeling, the inetgat mass balance values are assumed to
correspond to specific locations along lines down each@ldshown in Fig. 1 as red lines), although
the interpreted mass balance values are originally onlgidened functions of elevation within each
of the three monitored ice flow basin and not tied to locatimmshe ice cap.
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Figure 1:Map of the Hofsjokull ice cap showing ice flow basins and liocet of mass balance stakes.

Interpreted mass balance values are assumed to be locatestidimes that are drawn down each of

the monitored outlet glaciers. Ice flow basins are identifigth sequential numbers between 1 and
18. Séatujokull is basins no. 10 and 11, bjérsarjokull is Inasno. 16 and 17 and Blagnipujokull is

basin no. 5. Basin no. 9 is, in general, also taken to be a pa8aiujtkull, but basins no. 10 and

11 are only considered in the interpretation of the mass hedgameasurements from Satujokull at the
National Energy Authority, since no stakes are located @lthwer part of basin no. 9. The names and
the areas of the ice flow basins are listed in Table 3.
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Figure 2: Observed winter (left) and summer (right) mass balance Hore outlet glaciers from the
Hofsjokull ice cap. Satujokull is on the north side of thedap, Pjorsarjokull is on the southeast side
and Blagnipujokull faces soutwest.

The mass balance data have been reformatted and error dhaske part of the CWE and CE
projects and are stored in a common format, which is used &ssrbalance data from several glaciers
and ice caps that have been analysed in these projects (isEsam, 2003).

Figure 2 shows the interpreted winter and summer mass lmlasi@ function of elevation on
each outlet glacier. The winter balance ranges from abdub m, a ! at the lowest elevations to
about 4m,e a1 near the summit, and the summer balance ranges from abagtm, e a ! at the
lowest elevations on Pjorsarjokull and Blagnipujokull fretwarmest years to about +1.5@ma !
near the summit in some years. The interannual variatiottseinvinter balance at the same elevation
on the same outlet glacier are ababl m,e a !, comparatively independent of elevation. In the
accumulation area, the interannual variations in the suntv@ance at the same elevation on the same
outlet glacier are similar as for the winter balance. Thegeanf the interannual summer balance
variations widens downglacier and reaches ahe®im, . a ! at the lowest elevations. The summer
balance in the accumulation area of Satujokull in 1991 (bleasible as outliers in the upper left part
of the summer balance panel of Fig. 2) is an exception frosighitern. This is due to tephra from
an eruption in Hekla in January 1991, which affected thetallaf snow on the north side of the ice
cap during this summer. The winter balance observed at theskelevations of Satujokull deviates
from the trend with elevation defined by other winter balameEasurements from this glacier (outliers
to the right at about 900 m a.s.l. in the winter balance pah€ig 2). This is due to snow drift into
the lowest elevations near the terminus of Satujokull, Whifects a comparatively small area because
the glacier is much steeper near the terminus than at otbeatens.

3 The map of the ice cap

The surface of the Hofsjokull ice cap was mapped in 1983 ugiegision barometric measurements
(Bjornsson, 1988). The ablation area and the lowest pahteohtcumulation area below about 1200—
1400 m a.s.l. was remapped by the Loftmyndir ehf. based dal grotographs taken in August 1999
from an altitude of 8000 m. The summit area of the ice cap ai®@®—-1700 m a.s.l. was mapped
by GPS instruments in August 2001 in connection with thdidglof a 100 m deep ice core near the
summit (Porsteinssoet al., 2002).

The DTM used in the mass balance modeling described in tipigrrés a composite, regular
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100x100 m grid based on the aerial and GPS mapping from 1992Q@01, respectively, where possi-
ble. The map from 1983 was used in the middle and lower partiseopdccumulation area where the
more recent measurements are not available. The glacigirmaas, furthermore, digitised from the

rectified aerial photographs from 1999, and ice flow dividesendrawn manually to delineate the main
ice flow basins. Figure 1 shows a contour map based on this AéwtDgether with the delineated ice

flow basins and the margin of the ice cap. According to thispimap the area of the ice cap in 1999
was 890 krd.

4 The MBT mass balance model

A new version of the MBT mass balance model for temperateiggag¢Johannessoet al., 1993;
Jéhannessoat al, 1995b) was developed as part of the CWE and VVO projectss friadel is a
degree-day (temperature index) model that was developetkrwperate glaciers in Iceland and the
Nordic countries. Glacier accumulation and ablation aramated from daily temperature and precip-
itation observations at nearby meteorological statioralyDnelting, m, is computed according to the
equation

m= DDF maxT(z),0) , 1)

whereT (z) is daily mean temperature at altituden the glacier, an®DF is the degree-day factor,
which has separate valuBPDF; andDDF; for snow and ice, respectively.

The mass balance model may also be based on monthly meanr&tuonpe, T, in which case
fluctuations of the daily mean temperatures about the mpriVerage are assumed to be normally
distributed with a standard deviatianso that the sum of positive degree-days within the mdnbi,
is given by

pDD = 0Y/12 / T Te (T-W@oAgT @)
av2m Jo

and the amount of melting is given by equation (1) with ifTa%z),0) replaced byPDD (Braithwaite,

1985; Reeh, 1991; J6hannessiral., 1995b).

When the snow thickness becomes less than a specified thtegteodegree-day factor is found as
a weighted average of the degree-day factors for snow andlieereason for this is that the snow-line
is not a sharp well-defined line at a certain altitude. Ratih@epresents a transition from a surface
of clean ice to a surface completely covered with snow, wpatehes of clean ice and snow will be
mixed.

It is assumed that a part of the melting,is refrozen or stored as liquid water in the snow pack.
The refrozen or retained water can be up to a given fractidheo§now remaining since the start of the
current mass balance year. This leads to a delay in the ohaetalf from the annual snow pack with
respect to the start of melting on the glacier. The ablatipis defined as the negative of the melting
plus the refrozen or retained liquid water.

Temperature on the glacier is found using a constant vetdogperature gradient with altitude
(the so-called lapse rate is thei)

T(2) = Tstn+T(2— Zstn) » €))

where the subscrigtndenotes values at the meteorological station.
Precipitation,p, is computed using horizontal precipitation gradiegisandgy, in addition to a
vertical gradientg,,
P=(1+0z(2—20))(1+ Gk(X—Xo) + Gy(Y — Yo)) P, (4)
wherex andy are horizontal coordinates, ang is corrected and scaled precipitation. The station
precipitation is corrected for gauge losses using sepa@tection factors for snow and rain and
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scaled with a constant correction factor in order to trangfto a reference altitudey at locationxg,

Yo.
Accumulation,c, is found by assuming a constant snow/rain thresfigid

c=pif T@<Ts,, c=0if T(z2)>Tg; . (5)
The mass balance, is then given as the sum of the accumulation and the ablation
b=c+a=c—m+r. (6)

The above expressions may be used to compute the cumuladis® lmalance over the winter and
summer seasons by summing over the appropriate time periods

On-line documentation (man-pages) describing the new maasion in more detail are repro-
duced in the Appendix. The new version provides the podsiltd specify a variation of the precip-
itation in the two horizontal dimensions in addition to atieal precipitation gradient as described
above. It may also be used to back-calculate precipitatidmeamass balance stakes or at the assumed
locations for the interpreted mass balance values fromlbsereed mass balance over the winter and
summer seasons. This feature of the model is being usedite dedata set of precipitation on the ice
caps in the Icelandic highland, which is useful for verifyidimate model simulations and statistical
and physical models of precipitation in Iceland. New roesirio couple the model to dynamic ice
flow models and to specify a time dependent warming with assiitlal seasonal variation were also
written.

5 Calibration of the mass balance model

The mass balance model is based on daily temperature ardifaen observations from the meteo-
rological station at Hveravellir to the west of the ice cagptfen no. 892, located at 682'N, 1934'W,
641 m a.s.l.,, data obtained from the Icelandic Meteoroklldiifice), and calibrated against the winter
and summer mass balance measurements from 1988-2004etlussaribed in Section 2.

Usually, stakes on the same outlet glacier are visited osdh®e day in the spring and autumn of
each year or within a few day period. Occasionally, stakethersame outlet glacier have, however,
been visited with a time difference of up to a month or moreorhtter to take this into account, separate
measurement days are used for all stakes and all years iralibeation of the mass balance model,
without fixed assumptions about the beginning or end of th#eriand summer seasons. In model
simulations with the calibrated model, annual mass balecemputed by summing daily or monthly
values over a whole mass balance year, which is assumedttorsth October.

The MBT model parameters are described briefly in the previection, and in detail in the
Appendix. Each parameter is denoted with a unique threerlatbibreviation.e.g. “ddi ” for the
degree coefficient for icdDDF. Some of them, but not all, are also denoted by a symbol such as
“DDF”. The model parameters that are fixed beforehand and areamadvin the calibration are
given in Table 1. The fixed parameters are mainly of topogcaphture, such as the altitude of the
meteorological station, or describe meteorological attarastics, which are taken from other sources.
The temperature lapse rate[", is based on values tabulated by Eyporsson and Sigtrygd48ai)
and also given by Einarsson (1976). The rain- and snow-ciiorefactors are estimated by Sigurdsson
(1990) for the meteorological station at Hveravellir. Temperature standard deviatian,s only used
in modeling based on monthly temperature and precipitadea and is not relevant when daily data
are used. The snow thickness threshgild is used to determine when the degree-day factor should
found as a weighted average of the degree-day factors for &hs) and ice (di ).

The reference location for the horizontal precipitatioadient, xo, Yo, is chosen near the centre
of the ice cap. It may be chosen arbitrarily because chamgtweireference location can be exactly

11



Table 1:Fixed model parameters.

Parameter Name Value Unit
Temperature lapse rate ) grt 0.6 °Cperl100m
Snow/rain thresholdTg, ) tsn 1.0 °C
Temperature standard deviatias) (  sgm 3.0 °C
Snow thickness used in i

degree-day computations 31 0.3 Me.
Refreezing ratio rfr  0.032 1
Rain-correction factor rko 1.32 1
Snow-correction factor sko 2.0 1
Elevation of temperature station el t 641 m a.s.l.
Elevation of precipitation station elp 641 m a.s.l.
Referencec-location for xc0 510 km
horizontal precipitation gradienxd)

Reference-location for yco 480 km
horizontal precipitation gradienyd)

Starting elevation for el g 880 m a.s.l.

vertical precipitation gradientz)

compensated by changes in the precipitation-correctictofigoko, but it is convenient to use a loca-
tion near the centre of the area under consideration as &s ldere. The starting elevatiom,, for the
vertical precipitation gradient is chosen near the lowet @inthe elevation range of the ice cap. This
parameter can also be chosen somewhat arbitrarily, bechasges in the starting elevation may be
nearly compensated by changes in other precipitation nuat@meters. However, it may be conve-
nient to use a starting elevation within or close to the dlemarange of the glacier, especially if the
meteorological station is far outside this range.

The refreezing ratiof r = 0.032 given in Table 1 is different from the valuger = 0.07, which was
used by J6hannessemal. (1995b) and J6hannesson (1997). The previous value wasrthased on
measurements of the liquid water content of snow, and puddisalues of similar parameters that have
been used in hydrological modeling with the HBV model in Serednd Norway (J6hannessenal.,,
1993). This value was reconsidered on the basis of the much exbensive mass balance data from
Hofsjokull used here compared with the data sets that weaiadle in the previous modeling. This
analysis indicates that the previous value bf is somewhat too high and a new value was chosen
based on a similar optimisation as described below for therobptimised model parameters. The
value ofrfr is constrained by the retention capacity of snow and the ¢eatpre of the snow pack
in the spring before melting starts on the glacier. Both ttevipus and the new optimised value are
reasonable in this context. The refreezing ratio was nosidened in the same detail as the other
optimised model parameters because it has only a smalk effethe modeled mass balance and its
exact value is somewhat uncertain due to this reason. hasefore, grouped here together with other
parameters with fixed values although its value is not theesasnused in previous studies with the
MBT model.

The remaining 6 model parameters were determined usindimesr- least squares parameter fit-
ting, minimising the total residual sum of squares (RSS)hef winter and summer mass balance
measurements. This was done by computing the differendesbe measured and modeled winter
and summer mass balance for all years at each location assgnwahich was expressed as a function
of the model parameters to be calibrated (mainly precipitgparameters and the degree-day coeffi-
cients for ice and snow). The non-linear least squares dg#tion routine NLS from the statistical

12



Table 2:Model parameters that were optimised in the calibration.

Parameter Name  Value 0p Unit
Degree-day factor for iceDQDF)) ddi 7.44 0.07 mme°Cld1?
Degree-day factor for snoDDFs)  dds 4.98 0.07 mme°Cld?
Precipitation-correction factor pko 1.119 0.03 1
Precipitation/elevation gradiendf grp 0.207 0.01 1perl100m
Horizontal precipitation pgx 00208 0.0014  1perkm
gradient in east directiorgg)

Horizontal precipitation pgy —0.0163 0.0013 1 per km

gradient in north directiong)

software package R (see “http://www.r-project.org/”) weed for finding the parameter values that
minimised the sum of squares of the residuals. Mass balamesumrements from the mass balance
year 1990/1991 were not used in the calibration becausesddffhct of the eruption in Hekla in Jan-
uary 1991, which was mentioned in Section 2 about the massit®ldata set. Also, measurements
from the two lowest locations on Satujokull were omitteddese the observations there are affected
by snow drift in a comparatively small area, as also mentianehe section about the data set. The
calibrated parameter values determined from all the massidxa data with these two exceptions (a
total of 16 mass balance years) are given in Table 2. In adit the optimised parameter values,
the table also gives the statistical uncertainty of thepatar calibration corresponding to the residual
variance 0%, as given by

o5 =tr((ATA) 'o5,) , (7)

where the-th component of the array; is the variance of theth model parameteq?, is the variance

of the mass balance residualsis the Jacobian of the non-linear least squares equatinddr eenotes
the diagonal elements of a matrix. The statistical unaestanf the parameter estimates, as determined
from equation (7) and tabulated in Table 2, may underestirtia actual uncertainty because of sys-
tematic variations in the mass balance residuals as isgiuahalysed in Section 7 about the stability
of the model calibration.

Figure 3 shows a comparison between the modeled and meagntedand summer mass balance.
The model explains more than 80% of the variance in the winédsnce data and over 95% of the
variance in the summer balance data, leawgg = 0.40 Mmye. @ * and Opp, = 0.42 Mye @t as the
RMS error (square root of the residual variance) for the @viahd summer balance, respectively. The
RMS errors of the winter and summer balance are similar inmitade so that the larger proportion
of the explained variance of the summer balance by the medélie¢ to much larger year by year
variations in the summer balance compared with the wintiemiga €f. Fig. 2). Some of the largest
deviations in Figure 3 are related to snow accumulation loyvstrift into the lowest elevations near
the terminus of the Satujokull outlet glacier (the higheshis near the lower end on the winter balance
plot), which affects a comparatively small area, and an ualls high melting of snow due to tephra
from the 1991 Hekla eruption that was deposited over largasaon Hofsjokull (relatively low points
to the right on the summer balance plot). The correspondatg mbints from 1990/1991 and the lowest
elevations on Satujokull were not used in the calibration grey are not used in the computation of
the explained variance or the RMS values reported abovehbse data are shown in Figures 2 and 3
for completeness.

Figures 4 and 5 show the simulated average specific net miaseband annual precipitation for
1981-2000 on Hofsjokull based on monthly temperature aecijpitation observations for Hveravellir
during the same period. The simulated mass balance digtribagrees well with the overall spatial

13



1988
1989 .

1990 . N
1991 .

1992
1993
1994 K
1995 X °
1996 ’

1997
1998
1999
2000
2001
2002
2003
2004

1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

e EEROOKRIIOX+ DO
e EEROOKRIIOX+ DO

measured balance (m/a)
measured balance (m/a)

— North e @ — North

—— SouthWest s’ —— SouthWest

— SouthEast R — SouthEast
Summit i I Summit

-2
1

T T T T T T T T T T T
-2 0 2 4 6 8 -8 -6 -4 -2 0 2
modelled balance (m/a) modelled balance (m/a)

Figure 3: Scatterplots of the modeled and measured winter (left) amdnser (right) mass balance
1988-2004 including the mass balance year 1990/1991 anolktbervations from the lowest elevations
on Satujokull, which were not used in the model calibration.

distribution of the mass balance data, with an ELA below 1Ir&G0s.l. on the southern and southeastern
flanks of the ice cap rising to about 1300 m on the western anthwestern sides. A simulation of
the average mass balance during the same period based ypietaglerature and precipitation from
Hveravellir gives almost identical results (within 0.15ma 1) to the results obtained with monthly
values.

The simulated specific net balance averaged over the iceccapd period 1981-2000 is close
to zero within 0.1 m.e a1, which agrees well with the observation that the ice cap dm¢sseem
to have been far out of equilibrium during these decades. allkeage precipitation during the same
period reaches a maximum of 3.8 mtain the southern and southeastern part of the summit area,
and the average precipitation for the whole ice cap for thigodl is 2.4 mal. Due to the northwest to
southeast precipitation gradient, the simulated, avapeggpitation in the southeastern ice flow basins
(basins 1 and 15-18 in Fig. 1) is about 2.6 m,avhereas it is about 2.0 nTAin the northwestern ice
flow basins (basins 7-11 in Fig. 1).

6 Average mass balance of ice flow basins

Computing the specific net balance of individual ice flow bagtf. Fig. 1) is a powerful test of the
realism of the simulated mass balance distribution. As roeatl above, there are indications that the
ice cap has been comparatively close to equilibrium in thige 981-2000. This does not only apply
to the whole ice cap, but also to the main ice flow basins, whégm to have been close to equilibrium
individually during this period (the main exception beingges in parts of bjérsarjokull in 1992 and
1994). A strong disequilibrium over an entire ice flow basinrhany years may be expected to lead to
an advance or retreat of the corresponding part of the icgimarhus, widely different values of the
average net balance between the main ice flow basins ovelod jasrlong as 20 years may be expected
to lead to similarly different patterns in the variationglud ice margin on different sides of the ice cap.
One may, thus, assume that the geometry of the ice cap hastextjio the long term average mass
balance distribution so that the specific net balance ofrttizidual ice flow basins over a sufficiently
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Figure 4:Simulated average specific net mass balance of the Hoftjokutap for the period 1981—
2000 in mye.a* (color image and thick blue contours). Thin black contourevs the elevation on the
ice cap.
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Figure 5:Simulated average annual precipitation on the Hofsjokeal ¢ap for the period 1981-2000
in ma ! (color image and thick blue contours). Thin black contoursvg the elevation on the ice cap.
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Table 3:Simulated average specific net mass balance for ice flow $asithe Hofsjokull ice cap for
the period 1981-2000. Figure 1 shows the division of the &eicto ice flow basins.

Area Net balance

No. Ice flow basin km?)  (Myeal)

1 Mdlajokull 91 +0.12

2  Between Mulajokull and Blautukvislarjokull 9 +0.34
3 Blautukvislarjokull 73 -0.12

4  Between Blautukvislarjokull and Blagnipujékull 15 +0.02
5  Blagnipujokull 52 +0.06
6  Blondujokull 39 +0.42

7  Kvislajokull 66 +0.24

8 Between Kvislajokull and Satujokull 26 +0.07
9  Satujokull, western part 72 -0.12
10 Satujokull, central part 53 -0.04
11 Satujokull, eastern part 29 -0.15
12 Between Satujokull and lllvidrajokull 31 +0.30
13  llividrajokull 51 +0.10
14  Miklafell, northern part 19 +0.49
15 Miklafell, southern part 18 +1.15
16  bjoérsarjokull, northern part 56 +0.24
17 bjoérsarjokull, southern part 180 -0.07
18 Between bjoérsarjokull and Mulajokull 10 -0.70
— Hofsjokull (whole ice cap) 890 0.07

long time period should be close to zero if the ice cap has bleme to equilibrium during this period.

Table 3 shows the simulated average specific net balancdtm/&B ice flow basins that are delin-
eated in Figure 1. The last line of the table shows, as mesdi@bove, that the average net balance
over the whole ice cap is close to zero. It should be notedisndbnnection, that the total mass bal-
ance over the whole ice cap in the period 1981-2000 is noidems in the model calibration at all.
Therefore, the result that the average balance during énisgis not far from zero is an independent
verification that the mass balance model is not far off, aitfiothe average mass balance of the whole
ice cap during this 20 year period is of course not well knowihe absolute magnitude of the net
balance in 14 of the 18 ice flow basins is less than Q,3 @ and the mass balance in many of them
has a magnitude of about 0.1yma ! or less. In addition, 3 of the 4 remaining basins, with mass
balance greater than 0.3yma * in magnitude, are smaller than about 20°kim area, so that small
errors in the delineation of ice divides may lead to compabt large errors in the specific balance
there. The results tabulated in Table 3 provide an impostarification of the main assumptions that
underly the mass balance modeling. that the same degree-day coefficients for ice and snow may
be used for the whole ice cap, and that the main features idigtigbution of precipitation over the
ice cap are captured by the horizontal and vertical pretipit gradients. Furthermore, these results
support the extrapolation of observations, that are lidhiteonly three of the many outlet glaciers, to
the rest of the ice cagf, Fig. 1).

The simulated distribution of precipitation over the ic ¢a of course based on very simple as-
sumptions, which do not represent orographic processdwigdneration of precipitation by air flow
over mountains. In particular, the vertical precipitatgnadient is somewhat unrealistically assumed
to have the same effect at all locations at the same altitudleout any considerations about the up-
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stream or downstream mountainsides corresponding to fheaddahe most frequent wind directions.
Although the analysis of the average specific mass balantgnvice flow basins indicates that the
main features in the simulated mass balance distributiemealistic, there is an interesting pattern in
the modeled deviations from near zero mass balance. TwadEéhflow basins with a comparatively
large positive deviation from near zero mass balance ineTalare areas no. 6 and 14 (Blondujokull,
and the northern part of Miklafell), where the modeled maaare is about +0.54p. a* in both
cases. Ice flow basin no. 7 (Kvislajokull) also has a relgtilerge area with a positive mass balance
of +0.24 m, .. a 1. Those three basins are on the lee side of the ice cap in sty winds, which
are the main wind directions that carry wet air masses toswn@lice cap. It is possible that the simple
precipitation model simulates too much precipitation iash areas due to the fact that the effect of
a precipitation shadow on the lee side of mountains is ngbgap taken into account. The largest
positive mass balance in area no. 15 (southern part of Mikjafannot, however, be explained by this
effect, nor can the negative mass balance in area no. 18hwlicourse is very small. The positive
mass balance in areas 14-16 may indicate that the prefpitatodel simulates slightly too much
precipitation near the northeastern margin of the ice cajs possible that some of these systematic
deviations may be explained when a more realistic pretipitanodel, which is under development at
IMO, will be applied in the next phase of mass balance modeadirHofsjokull.

7 Stability of the model calibration

The stability of the obtained parameters was investigayegtioing the calibration with subsets of the
data. The main calibration is based on data from 16 yearsjdtal data in the period 1988—2004,
except for the mass balance year 1990/1991 and the lowestdos on Satujokull. The calibration
was carried out independently for the 8 first and 8 last yeaglSar the 8 coldest and 8 warmest years
from the set of 16 years used in the main calibration. The naganal temperature at Hveravellir for
the 8 warmest years was 1@ higher than for the 8 coldest years, which correspondset@tipected
warming over 40-50 years according to typical scenarioslforate change in the North Atlantic area
in the future (see later). The calibration was also carriedfor the original raw stake data, which
has not been interpreted to yield mass balance as a uniqugourof elevation on each side of the
ice cap as described in Section 2 about the mass balanceetlatrsglly, the calibration was carried
out separately for the three outlet glaciers. In that cdmehbrizontal precipitation gradientg, and

gy, were fixed at the values obtained in the main calibratiorabse these parameters are not well
constrained by data from only one outlet glacier. Table 4shiinat the calibrated parameter values
are confined to comparatively narrow ranges and thus seeem@lb constrained by the mass balance
measurements.

The error in the parameter estimates may be computed froatieqy(7), which yields the statisti-
cal uncertainty of the parametets,, on the assumption that the mass balance residuals astiséity
independent and all have the same variabﬁ%e Each parameter set from each calibration has its own
set ofay, values. These values are all similar for each parametegpéxbat the precipitation param-
eterspko andgr p are not well constrained for Satujokull. The table only gitgpical values foo,
corresponding to each parameter. The uncertainty of thegiation parameters for Satujokull is 2-5
times greater than the, values given in the table. The mass balance residuals vatgraptically
between years angl, may underestimate the error in the parameter estimatesastibly. A better
measure of the uncertainty in the parameter estimates én diy the half rangelp, which for each
parameter is computed from the actual range of the estinpateaneters for the different calibrations.
TheApvalues in Table 4 are determined as half the difference laiwee maximum and the minimum
of the parameters corresponding to data sets that span thle Wk capj.e. the last three parameter
sets corresponding to individual outlet glaciers are nosmered.

The degree-day coefficientlyi anddds, are both confined to comparatively narrow ranges within
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Table 4:Model parameters estimated from subsets of the mass batlat@eNames of the parameters
and the corresponding symbols are given in Table 2. The tstditees give two different error estimates
for the parameters (see text). The half ranfyp, is computed from the first 6 parameter sets only.

adi W oko grp pox pay

Data (mmye. (mmye.

cclgl) ecldl 1) 1) (1 per km) (1 per km)
All 16 years 7.44 4.98 1.119 0.207 0.0208-0.0163
First 8 years 7.26 5.68 1.141 0.194 0.0173-0.0189
Last 8 years 7.61 4.52 1.155 0.201 0.0236-0.0107
Coldest 8 years 7.45 5.50 1.118 0.193 0.0194-0.0187
Warmest 8 years 7.53 4.70 1.192 0.202 0.0206-0.0114
Stakes 6.82 5.12 1.095 0.225 0.0246-0.0096
Satujokull 6.63 5.14 0.731 0.414 — —
Blagnipujokull 7.96 5.36 1.158 0.206 — —
pjorsarjokull 7.16 4.75 1.123 0.188 — —
Typical o, 0.1 0.1 0.04 0.015 0.002 0.002
Half rangeAp 0.4 0.6 0.05 0.02 0.004 0.0045

about 10% of the values from the main calibration. The pitatipn parameters are more uncertain
in a relative sense, but as they mostly specify terms thahdded together to compute the modeled
precipitation, the effect of this uncertainty on the modgbeecipitation or mass balance is not greater
relatively than for the degree-day coefficients. The modebmeters derived for each of the outlet
glaciers independently for the period 1988—2004 are alasistent with the parameters that are found
for the whole ice cap. The derived model parameters for thiogd 988—2004 are in good agree-
ment with the parameters that were found previously forjSktll only, based on data from the much
shorter period 1988—-1992 (J6hannessbal., 1995b), and for Bléndujokull/Kvislajokull and lllvidra-
jokull for the same period (Jéhannessetral,, 1997). The degree-day factors for ice and snow are for
example all in the comparatively narrow ranges 5.0-8.Qu@AC 1 d~! and 4.5-5.7 mge °C 1 d 2,
respectively, for all these previous cases and for all thibredions in Table 4.

The RMS error (square root of the residual variance) coording to the main calibration is
O, = 0.41 mye. a* (winter and summer residuals combined). A fairly stringiest of the reliability
of the modeling is to compute the model error for a test pewdt a parameter set derived from a
separate calibration period, which does not include ang ffaim the test period. This was done in
a checkerboard manner for the first/last and cool/warm dataused in Table 4. The model derived
from the first 8 years of data was applied to the last 8 yeargtanchodel corresponding to the last 8
years was applied to the first 8 years of data. In this manesiduals were obtained for all 16 years,
but in both cases the models were only applied to data thahbatdeen used in the corresponding
calibration. The RMS error for this experiment with firssigyears wa®s, = 0.45mye a . Simi-
lar computations for the data sets from the cool/warm yekss deldedog, = 0.45mye a L. This
small difference between results with disjoint calibraftest periods compared with results for the
whole period indicates that the parameters are reliablenabdignificantly affected by overfitting of
measurement errors.

A special study of the distribution of snowfall over the hégh part of the glacier was carried out
as a part of the VVO project by measuring the thickness of timewsnow layer in May 2003 at 36
locations distributed over an area of about 4Gkrear the summit of the ice cap (Porsteinssoal.,
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Figure 6: Residual variance of mass balance models with differentiSpation of precipitation and
melt parameters (see text for explanations). The leveltaildg the models increases from left to right.
The models denoted by “g=0, i!l=s” and “g!=0, i=s” both introdce one additional feature compared
with the model labeled “g=0, i=s” and are therefore plotted the same location on the x-axis. The
original variance is computed from the deviations of thetairand summer mass balance from the
average winter or summer balance, respectively, for thelevbata set. All models are run for the
same mass balance data from the period 1988—-2004.

2003). The highest accumulation values were observed osdtidern and southeastern part of the
summit, with lower values found towards the northwestem githe study area. These results are in
general agreement with the simulated winter accumulabiohthe northwest/southeast gradient in the
simulated snow accumulation near the summit is not as stegplzated by the measurements.

8 Comparison of different model types

The importance of the different components of the mass balarodel was investigated by evaluating
the performance of different model types with differentafieation of precipitation and melt parame-
ters. Figure 6 shows the residual variance ordered acaptdimcreasing realism of the mass balance
model. The original variance corresponds to the deviat@rthe winter and summer mass balance
from the average winter or summer balance, respectivetythi® whole data set (omitting the mass
balance year 1990/1991 and the lowest locations on Satugsbefore). All the models shown in the
figure have a residual variance in the range 7-12% of thenatigesidual variance. The first model
on the left, labeled “not optimised”, which has the highestidual variance, is a mass balance model
applied by de Wouet al. (2006), to the whole of Hofsjokull in a study of the importanaf the firn
layer for the hydrology of the ice cap. This model includeteptal radiation in the formulation of

a degree-day melt model (Hock, 1999), but is without horiabprecipitation gradients. It was cali-
brated manually, which explains to a large extent the coatpaty poor performance compared with
the automatically calibrated models. The next four modedgidferent setups of the MBT model. The
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model labeled “g=0, i=s” is without horizontal precipitati gradients and the degree-day coefficients
for ice and snow are assumed to be equal. This highly simglifiedel has a somewhat smaller resid-
ual variance than the model used by de Wetdl. The next two models add one additional aspect to the
mass balance formulation each, the model labeled “g=0, Has different degree-day coefficients for
ice and snow, and the model labeled “g!=0, i=s” has horidqumiecipitation gradients. These models
have 20—-25% lower residual variance than the model used liyodéet al. The model labeled “g!=0,
i'=s” is the MBT model corresponding to the main calibrati@rhich is described in sections 5-7 and
used to produce Figures 4 and 5. The model labeled “pot.vetith has a slightly lower residual vari-
ance than the MBT model corresponding to the main calibmai®the mass balance model of Hock
(1999) with potential radiation, but with horizontal pregitation gradients included, and calibrated by
the automatic calibration procedure, which was appliee farthe MBT model (Thorsteinssat al.,
2006).

As expected, the analysis shows that the use of differemededay coefficients for ice and snow
leads to a substantial improvement in the model. This is@s@us from the optimised values ddi
anddds in Table 2, which are quite different from each other. Thenowpd performance provided by a
simple horizontal distribution of precipitation usingdiar gradients turns out to be even more important
and leads to a larger reduction in the residual variance eNem the degree-day coefficients for ice
and snow are assumed to be equal. Using both different delgseeoefficients for ice and snow,
and horizontal precipitation gradients, leads to a furthecrease in the residual variance. A more
complex degree-day melt model including potential radiafinally leads to a slightly lower residual
variance by about 2% compared with the main calibration efNMBT model, but this step is much
smaller than provided by the other incremental improvesieAn important step in the reduction of
the residual variance appears to be careful model calitoralihe main calibration of the MBT model
has 6 independent parameters and the model of Hock (1999haiizontal precipitation gradients has
7 independent parameters that need to be determined. Taesagiers appear to be well constrained
by the measurements, which contain 1106 observations dewamd summer balance, but the best
combination of the parameters can be hard to find manually.

9 Back-calculation of precipitation at stake locations

One of the purposes of the mass balance modeling of Hofsjisktd provide precipitation estimates
for the development of a map of precipitation in the Icelartighland, which is also a task under
the umbrella of the CE/VO projects. Similar modeling for bgikull and Vatnajokull is in progress
for the same purpose. This precipitation data set comes &reas where there are few other precip-
itation measurements, but where precipitation estimatesgortant for many applications, such as
the design and operation of hydroelectric power plants.s&liata may also have unique advantages
for process studies of orographic precipitation becausthefack of other sources of precipitation
estimates with a good spatial coverage from mountainouaiter Precipitation estimates based on
mass balance measurements in glaciated areas are alsdewtechboy the undercatch of traditional
precipitation gauges, and they may provide a dense spatiatage with a limited measurement effort
because the measurements are only carried out a few timear.aee results of this work will be
reported in other reports and publications of the CE/VOgaty, but here we will describe briefly how
mass balance modeling was used to derive accumulated ns¢@secipitation estimates.

Raw mass balance measurements at stake locations or astireeslocations of the interpreted
mass balance data, are not suitable as precipitation éssmaecause a part of the precipitation falls
as rain, and because there is significant ablation even &ighest altitudes on the main Icelandic ice
caps. However, the mass balance measurements, in particeleinter balance measurements, may
provide very good estimates of accumulated precipitatiadghay are corrected for the proportion of
the precipitation that fell as rain and for the ablation theturred over the appropriate time period. In
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most winters, there is little ablation in most of the accuatioh area and most of the rain that falls is
retained in the snow pack. Rain may, however, fall on the &vpart of the accumulation area and
on most of the ablation area at any time of the year on therid&dce caps, and ablation may also
often be significant during the winter. It is, therefore, aoitable to assume that a certain subset of the
uncorrected mass balance measurements, such as wintecédalaove a certain altitude, are useful as
precipitation estimates.

The results of the mass balance simulations are affectedrbgsén both the simulated precipita-
tion or snow accumulation, and also by errors in the simdlatelting. Since the proportion of the
precipitation corresponding to the snow accumulation tiealiy measured, it is possible to use this
component directly, as it is measured in the field, and usendms balance simulation only to estimate
the melting and how much precipitation fell as rain. The MB®&dal can be run in a special mode to
back-calculate precipitation in this manner, as mentiané&kection 4. This is implemented by fitting a
separate precipitation correction for each stake and fr saason so that the measured mass balance
is exactly reproduced (see a more detailed descriptioneii\gpendix in the documentation of thé
model option). This procedure takes systematic errorsaipthcipitation model into account to a good
approximation, especially if the ablation and rain are alkfrection of the precipitation, so that the
model is only used to estimate a relatively small componétiietotal.

Errors in the simulated precipitation may be substantiarig individual year, although they are
small as a long term average for a well calibrated model. mesareas of the ice cap, which are in a
precipitation shadow (see discussion of this problem irii&e®), the precipitation model may also be
systematically biased and it is important that such biasesiat propagated into a precipitation data
set that is used for further modeling or validation of otharenelaborate precipitation models. The
back-calculation procedure bypasses most of the flaws ipri@pitation modeling in MBT, which is
based on drastic simplifications using vertical and hotilgorecipitation gradients.

Precipitation estimates obtained from glacier mass balalata are affected to some degree by
snow drift. In most cases, stake locations have been chas#matsthey are representative for large
areas. Exposed ridges or depressions are, therefore, amajevoided as stake locations, but snow
drift will, nevertheless, affect the observations to soregrde. At a few locations, stakes are known
to be severely affected by snow drift. Data from such locatibave been omitted from the analysis
as described in the previous sections. The mass balancéaatanost stake locations on Hofsjokull,
which are used here, are believed to be representative fiopa@a@tively large areas on the ice cap and
not substantially affected by snow drift. The error due tovemlrift is, however, difficult to estimate
guantitatively and it must be borne in mind when the backwdated precipitation estimates are used.

Precipitation estimates obtained from glacier mass balatata are not directly comparable to
traditional precipitation measurements at meteoroldgtations due to evaporation, in addition to
problems due to snow drift and gauge losses, which were orexttibefore. Traditional precipitation
measurements are to some degree affected by evaporatiortieogauges themselves from the time
of precipitation to the emptying of the gauge. This effecpd®rly know, but it has been estimated
to be in range 2—-7% of the measured precipitation on averagihé type of gauges that are used in
Iceland (Sigurdsson, 1990). The lower end of the range eppli stations with a high precipitation and
the higher end of the range corresponds to comparativelyst@dtjons. Evaporation or condensation
from the surface of the glacier does, however, occur on edayyof the year, whether it is wet or dry,
whereas, the effect of evaporation on precipitation measants from gauges only occurs on wet days
(because the gauge is empty on dry days). Evaporation/neatien from the surface of glaciers in
Iceland is not well known, but it has been estimated basedata ftom meteorological stations that
were operated on Breidamerkurjokull in S-Vatnajokull dgrthe summer 1996 (Obleitner, 2000), and
simulated by energy balance modeling (Sverrir Gudmundgsensonal communication 2006). These
results indicate that evaporation dominates condenséirosnow covered areas on average, whereas
condensation is more important than evaporation from icermel surfaces. The net result over the
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summer for a meteorological station at 715 m a.s.l. neardbéilerium line on Breidamerkurjokull in
1996 was about 20 mm of evaporation. Higher values in absoh#gnitude may be expected at the
lowest and highest altitudes on the glaciers. In general naay, however, assume that total evaporation
or condensation on the glaciers is much smaller in the aravgathge than the total precipitation, which
tends to be larger on the glaciers than the average for théeewebantry.

In order to ensure that the simulated component of the ptatign is a sufficiently small part
of the total, the model is only used to back-calculate pitatipn when the corresponding seasonal
mass balance is greater than zdre, when the total melting is not greater than the total snowfall
This means that most winter balance measurements and sommeesibalance measurements from
the highest altitudes in comparatively cold years may bd ts@rovide back-calculated precipitation
estimates. The interpreted mass balance data set for Kolisfiom 1988-2004 contains a total of
1270 seasonal mass balance measurements, including teédatasce year 1990/1991 and the lowest
locations on Satujokull, which were omitted from the modalilration. Of those, 777 observations
have been used to back-calculate precipitation, when teerasitions corresponding to negative mass
balance values and the lowest locations on Satujokull haea bmitted. The mass balance from the
year 1990/1991 was used to back-calculate precipitatidheatephra from the Hekla eruption did not
affect the winter balance to a large degree, so that the Hatddsbe useful for this purpose.

10 The climate scenario

The climate change scenario of the CWE project, “The Climétater and Energy—Nordic climate
scenario” (abbreviated CWE-NCS), is described by Rummméaét al. (2003) and Raisénen (2003),
and further GCM downscaling results for the Nordic coustaee discussed by Raisarstral. (2004).
The scenario provides a projection of climate change in thilid countries for the period from 1990
to 2050 corresponding to the IPCC SRES B2 emission scen®@(, 2001; Nakicenovic and Swart,
2000; Leggetet al,, 1992). The scenario is the average of scaled grids of meawthiggorojections
of four regional climate models over the North Atlantic ah@ heighbouring continental areas (the
Swedish RCA-H and RCA-E models, and the Danish and Norweldi®HAM RCM models, see
Rummukaineret al. (2003) for references describing these models). The RCMIlaiions use bound-
ary conditions from global, transient climate change satiahs by the ECHAM4/OPYC3 (Roeckner
et al, 1999) and HadCM2 (Johret al,, 1997) coupled OAGCM models.

The four RCM simulations correspond to different time honig and different scenarios of future
anthropogenic forcing. Before averaging, the RCM modelltesvere harmonised with respect to time
horizon and emission scenario to correspond to the SRES B&em scenario by a scaling procedure
described by Rummukainet al. (2003) and Christensegi al. (2001). The domain of one of the RCM
models (the Danish HIRHAM model) does not include Icelandergfore, the CWE-NCS scenario for
Iceland used here is the average of the remaining three R@Mations, rather than all four as for the
Scandinavian continental area.

Figures 7 and 8 show the yearly mean temperature and refatogitation change (%) specified
by the composite CWE-NCS scenario. It is seen that the gegjdgemperature change varies strongly
over the North Atlantic Ocean so that Iceland is situated steep gradient in the warming between a
local minimum south and east of Greenland to a maximum betweghern Norway and Greenland.
This relative minimum is a common feature of many, but ngtaupled global and regional climate
model simulations in this area (IPCC, 2001, Rais&eiea., 2004). It is poosibly related to a projected
weakening in the thermohaline circulation, which is assted with a reduced rate of deep water
formation in the northern North Atlantic Oceadf.(IPCC, 2001). A similar local minimum in the
projected warming is seen in the raw output of the coupled OMGnodels.

For comparison, Figures 9 and 10 show the mean temperatamggehand the mean relative
precipitation change computed from 5 OAGCM models forcethwhe B2 emission scenario (data
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Figure 7: The CWE-NCS temperature change scenario, 1990-2050. &yoand near Iceland
show grid locations used to compute the average shown inl&ig.
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Figure 8:The CWE-NCS relative precipitation change scenario (%90:2050. Symbols on and near
Iceland show grid locations used to compute the average showig. 11.
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Figure 9:The five ACIA model average projected temperature change 1881—2000 to 2071-2090.
Symbols on and near Iceland show grid locations used to ctatha average shown in Fig. 12.

obtained from the IPCC data distribution centre, “httpdé-ddc.cru.uea.ac.ukGFDL: Knutsonet
al.,, 1999; Had: Gordonet al, 2000; Ech: Roeckneret al,, 1999; Ccc: Flato et al, 2001; Csm:
Boville and Gent, 1998). These 5 models were used irAtiotic Climate Impact AssessmgiCIA,
“http://www.acia.uaf.edu”).

There are many details that need to be considered when aiscsrepplied to a particular location
in hydrological or glaciological modeling. In spite of bgitong term averages over 8—20 year periods,
the monthly data in Figures 7 and 8 contain statistical flatns and they need to be further averaged
before they are applied in impact modeling (Rummukaiatal., 2003; Raisdnen, 2003). Figure 11
shows the projected seasonality of the temperature andpjiedion change near Iceland as given by
the average over the grid points shown in Figures 7 and 8.|&imaisults are obtained directly from raw
OAGCM model output as seen in Figure 12, which shows the giejeseasonality of the temperature
and precipitation change for the 5 ACIA models (both the 5 ehagterage and the individual models)
near Iceland as given by the average over the grid pointsrshowigures 9 and 10.

There are some fluctuations in the monthly CWE-NCS tempesaignal averaged over Iceland,
and especially in the precipitation signal (Figure 11)t thgpear to be caused by natural variability
rather than being a climate change signal. This indicatasttie monthly values averaged over the
area near Iceland shown in Figure 11 are still too much infledrby natural variability to be used
directly in impact analyses and need to be smoothed to éxrelimate change signal suitable for use
in the glacier modelingoef. Rummukaineret al., 2003).

In order to provide for more smoothing in the temperaturengkeasignal, the monthly values shown
in Figure 11 were replaced by a least squares sinusoidatigarithrough the year. The minimum
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Figure 10:The five ACIA model average projected relative precipitatihange (%) from 1981-2000
to 2071-2090. Symbols on and near Iceland show grid locatiged to compute the average shown
in Fig. 12.
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Figure 11:The monthly CWE-NCS temperature (left) and precipitatiighf) change scenarios near
Iceland (average over the area shown in Figs. 7 and 8), 190882 The temperature figure also shows
the 1990-2050 temperature change scaled by 1/0.6 whichtéaded to represent the temperature
change from 1981-2000 to 2081-2100 corresponding to the -GMVE scenario. The precipitation
figure shows the relative precipitation change divided by ¢hange in temperature. Dotted curves
show the CWE-NCS scenarios that were used in mass balanogingodf glaciers in Iceland. The
dashed curve shows the older CCEP temperature scenario éqveriod of 100 years).
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Figure 12: The monthly average temperature (left) and precipitatioghf) change near Iceland for
the 5 ACIA OACGM models (average over the area shown in Figgeid®10), from 1981-2000 to
2071-2090. The precipitation figure shows the relative ipietion change divided by the change in
temperature. Note that large relative changes in prectpmitaper degree of temperature change may
result from low monthly temperature changes that may argen fstatistical fluctuations caused by
natural climate variability. This may partly be the reasam the high values of thelad curve during
May and July. Dotted curves show the CWE-NCS scenarios t&t used in mass balance modeling
of glaciers in Iceland (changes over a time period of 90 yéaise consistent with the model output).
The dashed curve shows the older CCEP temperature scerdsm¢hanges over 90 years).

warming shown in Figure 11 occurs rather late in the sumnossiderably later than for the 5 ACIA
models shown in Figure 12. This appears to be caused by a cativply low monthly value for the
projected warming in October that is likely to be caused byatistical fluctuation. Figure 13 shows the
observed seasonal variation of temperature at the metgcal station at Hveravellir in the Icelandic
highland in the period 1987-2003. It is seen that the teniperaeaches a maximum in late July,
about one month earlier than the minimum in the temperaigrabkin Figure 11. It appears likely that
the seasonality of the temperature change will reduce thditaighe of the seasonal variation of the
temperature within the year, rather than change its phaserelore, it was decided to use the phase of
the observed seasonal temperature variation at Hverawvettie temperature scenario rather than the
phase of the simulated temperature variation shown in Eigdt The temperature scenario thereby
specifies a warming varying from a winter maximum of ¥@3oer decade in late January and to a
summer minimum of +0.1%C per decade in late July with a sinusoidal variation betwhere values
(dotted curve in Figure 11).

The monthly fluctuations in the CWE-NCS relative precipiatchange in Figure 11 appear with-
out a clear climate change signal and they are quite indemsibetween the different RCM models
(cf. Figures 2 and 4 in Rummukaineh al., 2003). The precipitation change was, therefore, simglifie
to a constant relative change of 5% per degree of warmingirti#ent of season.

The seasonal temperature and precipitation changes fle@BACIA OAGCM models near Iceland
(cf. Fig. 12) show a large inter-model scatter, especially fefgtecipitation change. The 5 model mean
temperature change shows a similar seasonal variatiore &SWHE-NCS temperature change (Fig. 11,
left), except that the minimum warming appears early in tlhmmmer in most of the ACIA models but
rather late in the summer according to the CWE-NCS compeséaario data. The seasonal variation
in the 5 model mean relative precipitation change per degre@earming bears little resemblance to
the corresponding CWE-NCS variation (Fig. 11, right). Téigports the decision to use a constant
relative precipitation change per degree of warming inddpat of the season in the mass balance
modeling of glaciers in Iceland.
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Figure 13:Seasonal temperature variation at Hveravellir, 1987-2003

Finally, the question of baseline needs to be considered cbmposite CWE-NCS scenario is
intended to show change with respect to the year 1990. Herassumed that this means change with
respect to an average climate of the period 1981-2000. Miagyegs in Iceland seem to have been
roughly in equilibrium in the period 1981-2000, advanciniifta during the early part of the period
and retreating near the end of the period. This period is, thwwonvenient reference period for mass
balance modeling studies because one would expect thegaverass balance of many non-surging
glaciers in this period to have been near zero.

The CWE-NCS climate scenario projects rather low tempegancrease for Iceland, compared
with neighbouring areas, especially during the summers Blue to the local minimum in the warm-
ing in the North Atlantic Ocean that is simulated by some ¢etdf@AGCMs as discussed above. The
observed warming in Iceland in the last two to three decadssbt been characterised by much lower
warming during the summer compared with the winter as furtlescribed in the next section, in fact
the summer warming is quite similar to the mean annual wagrfon the meteorological station at
Hveravellir. It is the magnitude of the summer warming tlatnost important for changes in glacier
mass balance due to climate changes, and to a lesser degsgeitig and autumn warming. Therefore,
it is important to consider the question of the seasonafith@®temperature change in some detail. The
possible future reduction in the strength of the thermalgatiirculation in the North Atlantic Ocean
projected by some coupled OAGCMs must be considered hightgrtain and this presents a ma-
jor problem for hydrological and glaciological modeling thie consequences of climate warming in
Iceland.

In view of these circumstances, the climate change sceffiamo the previous Nordic project,
Climate Change and Energy Production (CCEP) (Seektah, 1998; Johannessa@t al,, 1995a) was
also used in the mass balance and dynamic modeling of Hodsjdike results of the dynamic modeling
are described in J6hannessetral, 2004). This scenario, which is shown as dashed curves imésg
11 and 12, prescribes a yearly mean warming of©.Ber decade, varying from a winter maximum of
+0.35C per decade to a summer minimum of +0Q2%er decade, and a relative precipitation change
of 5% per degree of warming independent of the season as @WE-NCS scenario. This warming
is closer to the projected warming in other ocean areas anitasiatitude as Iceland, although not as
high as in Scandinavia or other continental areas in thisiti range.
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Figure 14:Annual mean temperature in Reykjavik, 1866—2004. The ttith surve shows an expo-
nentially weighted running average with a 10 year time winddhe dashed line segments show linear
least squares fits to the annual data in the four time windqwegi§ied by the figure labels.

The use of the climate change scenario from the previous C&ER) serves the purpose to in-
vestigate the consequences of climate changes in casadhgtht of the thermohaline circulation in
the North Atlantic Ocean is not reduced as much as projecgesbime coupled OAGCMs. It also
provides a direct comparison with the results of the previstudy. Both these scenarios were em-
ployed with and without specifying the precipitation chanthat is, the mass balance model was, in
addition to the full scenario, also run for a case where dméytemperature was changed and not the
precipitation. This was done in order to investigate thatrned importance of the temperature and
precipitation changes, and also because local precipitatianges must be considered more uncertain
than temperature changes as can be clearly seen from a ¢sompaf Figures 7 and 8.

11 Observed temperature changes in Iceland

There is large uncertainty about the seasonality of futemgperature changes in Iceland as discussed
in the previous section. Measured changes in temperatuReyRjavik, southwestern Iceland, since
1866 and at the meteorological stations Hveravellir, indeetral Icelandic highland, Nautabu, cen-
tral northern Iceland, Kirkjubeejarklaustur, central $muh Iceland, and Fagurho6lsmyri, southeastern
Iceland, since 1981, were analysed to shed some light omjdleistion. Figure 14 shows annual mean
temperature in Reykjavik between 1866 and 2004 (data frerfctdandic Meteorological Office). The
figure shows a generally warming trend since the last twodkscaf the 19 century with the largest
rate of warming in the two periods 1920-1940 and 1980-200+ tdtal warming in Reykjavik over
the period since the 1880s is abofC] which is similar or somewhat larger than the observedajlob
average warming of 0.4-0'8 since the late T century (IPCC, 2001). The warming since the last
two decades of the ¥9century or the early 20century at other Icelandic weather stations is similar
as in Reykjavik. The warming in Iceland, thus, does not seeimetlower than the global average
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Figure 15: Average change per decade in the annual and séasean temperature in Reykjavik for
the four time periods that are shown as dashed line segmehig.il4. The rate of warming in each
time period is determined as the slope of a linear least sgdirto the annual data.

according to these data.

Figure 15 shows the rate of warming per decade in Reykjavikhi® annual mean temperature
and for the seasonal mean temperature in DJF, MAM, JJA and ®itHih the four time windows
1881-2004, 1881-1940, 1916-1940 and 1981-2004 that anm stsodashed lines in Figure 14. The
time windows were chosen so that, in addition to the entireodel881-2004, and the shorter period
1881-1940, they cover the two main periods of rapid warminges1881. The periods where defined
so that they don'’t start or end at the most extreme years, ascd®19 or 1979, in order not to be
too much affected by aad hocchoice of the end points. Thus, the 25-year long period 19946
starts in the cold years before the onset of the rapid warmfrtge 1920s and ends somewhat after
the rate of warming started to decline. Similarly, the 24+yl®ng period 1981-2004 starts near the
coldest temperatures in the cool period 1975-1985, but thiteextremely cold year 1979. The rates
of warming shown by the bars in the lower two panels in Figiretould, therefore, reflect a “typical”
rate of warming within these periods rather than a maximuen edwarming that can be achieved by
artificial twisting of the beginning and end of the time wimgo

The bar plots in Figure 15 show that the rate of rapid warmumgng the periods 1916-1940 and
1981-2004 is similar, that is about & per decade in the annual mean. This is 5-10 times more
rapid than the average rate of warming during the entireogetB81-2004. The seasonal variation
of the warming is different in the different time windows. &two earlier periods starting in the late
19" century show the highest warming in winter and the lowestmig during the summer or fall
seasons. The period 1916—-1940 also has the lowest warmimg duwmmer, but the highest warming
occurs during the spring and fall. The most recent perio8149004, has the most rapid warming in
the fall, but the rate of warming in the other seasons is amil

Figure 16 shows the annual and seasonal rates of warmingpade for the period 1981—-2004 for
four weather stations from different regions in Iceland tieve all been used for glacier mass balance
modeling and Figure 17 shows the average of the annual asdrsgavarming rates for all five weather
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Figure 16:Average change per decade in the annual and seasonal meperaunre at four meteoro-
logical stations for the period 1981-2004.

stations during this period. The highest warming rate acouthe fall at all five stations, but the lowest
warming occurs in different seasons at the different statidn Reykjavik, the warming is similar in
the winter, spring and summer seasons. Nautabu, Kirkjukbejestur and Fagurhélsmyri have the
lowest warming in the summer, whereas Hveravellir has theedb warming in the winter. Both the
individual station data and the average of the five statibog/sa lower summer warming during 1981—
2004 compared with the annual mean, although the differeneery small for Hveravellir. Thus, the
seasonal variation of the warming is rather different indtferent time windows and at the different
stations shown in figures 15, 16 and 17, and it is not similitreéseasonality of the CWE-NCS scenario
in the most recent time period. The summer warming at Hvéingwehich is close to Hofsjokull, is in
fact quite similar to the annual mean warming.

According to the CWE-NCS climate scenario for Iceland, whgdescribed in the previous sec-
tion, the projected warming reaches a minimum during midraem The summer warming is only half
of the maximum warming, which is assumed to take place dumiwinter. This assumed seasonality
implies the smallest possible effect on glacier ablatiarafgiven value of the annual warming because
the ablation is primarily sensitive to changes in tempeeatiuring late spring, summer and early fall.
The assumed seasonality of the CWE-NCS scenario for Icétahdsed on model results that seem
to indicate the lowest rate of warming during late summeradir(Ef. Fig. 11), whereas observations
of recent warming in Iceland show the most rapid warming m fdll seasondf. Figs. 16 and 17).
Although it is not possible to draw firm conclusions regagdinture climate warming in Iceland based
on past trends in station data over a few decades, it seentiswitle to consider additional scenarios
with a less pronounced seasonality in addition to the CWESNEenario. As described in the previous
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section, it was decided to use the climate change scenario tihe previous CCEP climate change
project (Seelthuret al,, 1998; Jéhannessast al, 1995a) for this purpose. This older scenario has a
slightly higher projected rate of annual warming comparét the CWE-NCS scenario, which mostly
arises due to a higher projected summer warming.

12 Changes in mass balance

An analysis of the transient response of glaciers to climhtmnge requires the use of a mass balance
model coupled to a dynamic model. The results of such magl@lith the MBT mass balance model
coupled to the dynamic ice flow model of Adalgeirsdéttir (3p@re presented in J6hannessdral.
(2004) and a more detailed description of such results ftin btofsjokull and southern Vatnajokull
is in preparation as a part of the reporting of results olethiwithin the CWE project. In this and
the following sections, we will compute the change in madarme and runoff resulting from a step
change in temperature and precipitation without consigechanges in the geometry or extent of the
ice cap. The validity of this analysis is limited to the neatufe, say a few decades from now, when
the effect of changes in the geometry of the ice cap on the badasce may be ignored.

A map of the simulated change in mass balance is shown iné-itfiifor a mean annual warming
of 1°C with respect to the 1981-2000 baseline period with a sadispaccording to the CWE-NCS
scenario and a 5% increase in precipitation. As evident frogure 14, there has already been con-
siderable warming since the period 1981-2000, perhapseoartter of half a degree C, or even more
depending on how one interprets the warming trend after 200@ simulated mass balance change
shown in Figure 18 thus corresponds to the expected situatiabout two decades, when warming
according to the CWE-NCS scenario has added abotiCadbthe warming that has already occurred
now with respect to the 1981-2000 baseline. This period $hed that one may safely ignore changes
in the geometry of the ice cap to a first approximation in anyaismof mass balance changes.

Figure 18 shows that the mass balance change is very unedstiiputed over the ice cap. It
is concentrated at the lowest elevations near the ice margare it comes close te1 mye a t, but
reaches a minimum in absolute value near the summit whes®&@ow 01 m, e a 1 in absolute value.
This distribution is mainly caused by a much longer melt seas the lowest elevations, but the higher
degree-day coefficient for ice compared to snow and thegreaportance of refreezing and retention
of liquid water in the snow pack at the highest elevationstrifoute to this pattern too. A notable
feature in Figure 18 is the steep increase in (the absolute wd) the mass balance change near the
equilibrium line, which is caused by the transition betwé&snaccumulation and ablation areas of the
ice cap. The irregular variation of the mass balance chaege the equilibrium line, which is also
evident in Figure 18, is due to the formulation of the degtag-coefficient for a thin layer of snow
as a weighted average of the coefficient values for snow amd There is little physical basis for
the particular implementation of this weighting used in BT model, so this feature in the spatial
distribution of the mass balance change is not a valid modsligtion.

13 Static sensitivity of mass balance to climate changes

The sensitivity of the mass balance of glaciers and ice caplimate changes is an important concept
for estimating future global sea level rise that may occuna®mnsequence of climate warming as
mentioned in the Introduction. It is also important as a ganmeasure of the hydrological effect of
the changes in the mass balance of glaciated areas due @tecldhanges. Thstatic sensitivityis
defined as the ratio of the change of the specific mass balétive glacier to the magnitude of a small
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Figure 18:Simulated change in the specific net mass balance of Hofkjilkm,,c a~* (color image
and thick blue contours) for a mean annual warming o€ ith a seasonality according to the CWE-
NCS scenario and a 5% increase in precipitation per degreevanriming €f. Fig. 11). Thin black
contours show the elevation on the ice cap.
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Table 5: Static sensitivity of the mass balance of Hofsjokuly ga~!°C~1) for an annual average
warming of 2C with seasonality according to the CWE-NCS and CCEP tenyperacenarios with
and without a 5% precipitation increase per degree of wagmin
CWE-NCS CWE-NCS CCEP CCEP
AP=0 AP=5% AP=0 AP=5%
—0.57 —0.45 —-0.67 -0.55

It does not take time-dependent changes in the geometrg gldlgier into account. Although the static
sensitivity is defined with respect to a small uniform chaimgeemperature it is useful to compute the
change in specific mass balance as a consequence of a finpiersgare change, which may vary
through the year with and without an accompanying predipitaincrease as was done in the previous
section when the mass balance change corresponding 1€ avdrming was computed. The mass
balance sensitivity of Hofsjokull for a warming of @ with a seasonality and relative precipitation
increase as specified in the four climate scenarios descabeve is given in Table 5. The sensitivity
values in the table are almost the same (within two units énldist digit) as given in J6hannessen
al. (2004), which were based on a model calibration with masanual data up to the mass balance
year 2002/2003. The sensitivity corresponding to the CWESNcenario witlAP=5% is simply the
average over the whole ice cap of the mass balance change #héigure 18.

The static sensitivity in Table 5 is similar to previous stvisy estimates reported by J6hannesson
(1997) for parts of Hofsjokull. Itis, however, much lowen @bsolute value) than the sensitivity found
for Blagnipujokull, pjérsarjokull and Satujokull by de Waand Hock (2006) for a warming of°C
and no precipitation increase. They estimated sensifivith the range-0.8 to —1.3mye a 1°C™?1
for these outlet glaciers of Hofsjokull. They assumed aarnifwarming within the year, which leads
to somewhat higher sensitivity compared with the valuespdaed here corresponding to a sinusoidal
seasonal temperature variation with the largest warmimangwvinter. In spite of this, the large dif-
ference between their results and the values in Table 5ateficthat something in their simplified
approach to mass balance modeling for a large number ofegi&aavhere average summer and win-
ter balance is computed based on conditions near the ELAs lEaa larger sensitivity than would
be found with a more detailed model for the whole elevatiargeaof the glacier. In particular, the
sensitivity —1.3 mye.a +°C1, which was obtained for Satujokull by de Woul and Hock, ischiar
reconcile with the results obtained here with the MBT model.this connection, it may be noted
that the mass balance model of Hock (1999), with potenti@ihten and horizontal precipitation gra-
dients, which was mentioned in Section 8, gives results fofsjdkull that are in good agreements
with results obtained here with the MBT model (Thorsteimsebal., 2006). De Woulet al. (2006)
also computed the static sensitivity of the whole Hofsjbkag cap using the mass balance model of
Hock (1999), but without horizontal precipitation gradi®nThey obtained-0.95 my . a t°C~1 for a
uniform temperature increase within the year without aipi&tion change. This is somewhat higher
than the values corresponding to the CWE-NCS and CCEP sosmaith AP = O that are obtained
here and given in Table 5, indicating that the assumed sebisoof the temperature change affects the
estimated sensitivity considerably.

14 Changes in glacial runoff

The change in the mass balance of the ice cap leads to a diddstarease in glacier runoff as seen
in Figure 19, which shows monthly average runoff from the lghoe cap for the baseline period, and
corresponding to a warming of €, with temperature seasonality and precipitation chagerding
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Figure 19:Simulated monthly average runoff from Hofsjokull for th&1-92000 baseline period and
for a warming of $C with seasonality according to the CWE-NCS and CCEP tenperacenarios
with and without a 5% precipitation increase per degree ofmiag.

to the four scenarios described above. Only changes in riyomterage runoff from the ice surface
are considered here and not changes in diurnal runoff ctesistics, which may also be important,
or routing through firn, basal and groundwater reservoinsickv affects the runoff as it appears in
glacial rivers that issue from the ice cap. The runoff changkides a contribution from the change in
precipitation on the glacier due to the precipitation cleasgecified by the climate scenario, but this
effect is very small as is evident from Figure 19.

The simulated runoff increase shown in Figure 19 reaches<amaan in the middle of the summer,
with a somewhat larger increase for the CCEP scenarios aehpath the CWE-NCS scenarios as
expected, due to a larger summer warming relative to thealraverage in the CCEP scenarios. The
largest relative changes in the period May to October, wheretis runoff to speak of from the ice cap,
occur in May and October, when the runoff increases by abdattar of two. The average annual
runoff change resulting from a warming ofC is according to these results in the range 0.6-0.7fm a
which is approximately 25% of the current annual averageffirom the ice cap.

The runoff change simulated in this way does not take thermymbowering of the ice surface with
time into account as mentioned previously. Dynamical miadelith the mass balance model cali-
brated with data up to the mass balance year 2002/2003, \iisreffect is taken into account, does,
however, lead to very similar results at the point in time whee warming reaches' € (J6hannesson
et al, 2004), indicating that this effect is not very importantibafter that.

15 Discussion

The results of the mass balance modeling of Hofsjokull wihygars of data from the period 1988
to 2004 are in good agreement with the previous results ainlidssoret al. (1995b). The previous
results were found from mass balance modeling of the nortpart of the ice cap only and with only
four years of data from the period 1988 to 1992. The modebration derived here was tested by
repeated calibration using subsets of the data and foune teltively stable. This indicates that the
results are robust against various details in the formardatind calibration of the mass balance model.
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The modeling explains over 80% and 95% of the variance in ihéeewand summer balance data,
respectively. This makes it possible to extrapolate theagions in space and time with some confi-
dence, both to unmeasured parts of the ice cap and also tgénus that start before the measure-
ments. The modeling, furthermore, makes it possible tapnt and analyse unmeasured or partly
measured components of the mass balance, including theptetpitation on the ice cap, which
opens up new possibilities to use the data in meteorologjmalications.

The meteorological conditions on Hofsjokull and the othetinmice caps in Iceland span a large
range of temperature and precipitation due to the largeidéiirange, which is on the order of 1000 m.
Climate conditions in the near future are likely to remairihivi the already observed range on the
glaciers to some approximation, unless the climate chaageso large or rapid that the climate of
the region changes in a fundamental way. Thus, parameteesjatletermined from mass balance
observations for the current climate, may be expected to dmningful for climate change studies to
some approximation. Therefore, the results of the modalfingass balance changes due to possible
future climate change, including estimates of the sergitof the mass balance to warming, may be
expected to be robust.

There is some systematic structure in the mass balanceiaésfdom individual years. The winter
balance appears in some cases to have a spatial distriputiioh is not captured by the simple
precipitation model. This may be due to changes betweersyiaahe relative frequency of wind
directions that bring precipitation to the ice cap. Thislddee improved by using a better, physically
based precipitation model, based on more detailed metagcal information about the state of the
atmosphere over Iceland, for example ERA40 reanalysis @gstematic errors in the summer balance
may be caused by a dependency of the ablation on wind consli{Gudmundssoet al., 2003), which
is not captured by a simple degree-day model. At the momesgeins most fruitful to improve the
precipitation model first and to analyse the residuals thatain after such improvements in terms of
deficiencies in the melt model.
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NAME
mbt, tmbt, massbxyzt — degree-day mass balance model for temperate glagjers (v

SYNOPSIS
tmbt [options] param-file elev-file temp-file precip/acc-file [pe-file] [int-file]

callimbt (sgm,tsn,grt,grp,rko,sko,pko,ddi,dds,sis,kfr
elt,elp,elq,det,dep,dtc,dts,xc0,yc0,pgx,pgy)

call wcorr (t,nt,p,cp,np,tms,tc,ts)

call mbt (t,nt,p,np,s,l,nel,x,y,nxy,e,ne,ee,pe,npe,nrickd,nfld,xpk,nxpk)

call rmbt ()

call imassbxyzt(parfile,tparfile,tfile,pfile,tt,ntd,nt,pp,npd,np)
call massbxyzt(tt,nt,pp,np,X,y,z,yr,md,m,n,b,c,a,p,r,s,l,w)

DESCRIPTION
tmbtis a program that computes the mass balance of a temperate glacier as a function of Ethiyote-
gram uses the subroutingbt for the mass balance computatiomsbt can be called by other programs that
need to compute glacier mass balarecg, dynamic glacier models. The subroutinegt and rmbt are
used in conjunction witimbt for parameter initialisation and parameter printing, respagti The subrou-
tine wcorr performs wind correction on measured precipitation. The subroutim@ssbxyztind imass-
bxyztprovide a calling interface tmbt that is suitable for initialisation and repeated calling from within a
2D dynamic glacier modelThey may be used to implement a time-dependent climate change with a con-
stant rate of warming.

The model uses temperature and precipitation data (from meteorological stations) in the vicinity of the
glacier for the mass balance computatiofemperature and precipitation on the glacier are computed us-
ing constant temperature and precipitation gradients with altitude, and, optitinafly horizontal precipi-

tation gradients. Melting of smoand ice is computed from posité cegee-daysPDD with different de-
gree-day factors for smoand ice. The model can use daitgonthly or yearly precipitation or a smac-
cumulation directly specified as a function of altitude. The temperature can be specified as a series of daily
or monthly mean values, or as a sinusoidal variation in the mean daily temperature as a function of time
within the mass balance year with superimposed statistical temperature fluctuatiensiodel may also

be used to fit a least squares sinusoidal function to a record of daily or monthly temperature values, in
which case the dgee-day computations will be based on this least squares sinusoidal function. The pre-
cipitation is assumed talf as snw if the temperature at the altitude in question is velogpecified
threshold. Ifthe temperature is\gn as nonthly mean values or specified as a sinusoidal function, the de-
gree-day computations and the determination of the fraction of the precipitatioallhasfsne are based

on an assumed statistical distribution of the temperature deviation from the monthly mean values or from
the assumed sinusoidal function, respebti A wind correction with separate correction factors for rain

and snw, may be applied to the precipitation before it is used in the mass balance compufé&hesz-

ing of melt water and wetting of the smdy melt or rain water are computed as a specified fraction of the
remaining sna.

The subroutinenbt can compute the mass balaneera gecifiedinterval within the mass balance year in
addition to computing the mass balance of a whole mass balanceTyeamterval is gien in days or

months depending on the temperature specification. This feature is used in the pnalgtréancompute

the distritution of the mass balance components within the mass balance year if requested. This can, for
example, be useful for imstigating hav climatic changes affect the distution of glacier ablation (or

runoff from the glacier) within the year and also for calibration of the model using mass balance measure-
ments which are typically performed at the beginning and end of the ablation season.

The subroutinembt is called with a specified initial smothickness and liquid water content of thewno
(see belw in the sectiorCALLING OF MBY. Boththe initial snev thickness and the swoaccumulated
during each model run are included in the computations of the licatiel wontent of the smo(see belw).

mbt can therefore compute the mass balance ofen gime interval (equal to or shorter than the mass bal-
ance year) without considering the previous mass balance higpigityy. Except when the accumulation

is directly specified, the progratmbt initialises the sn@ thickness at the beginning of the mass balance
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year by making a preliminary call tobt with zero snw thickness and liquid water content. The initial
snaw thickness in the actual mass balance computation is put equal to théhakmess found in this pre-
liminary integration up to a maximum of ibwater equialent. Whenthe accumulation is gén directly,

the initial snev depth is put equal to the specified accumulation and the precipitation is put equal to zero.
The liquid water content at thediening of the mass balance year is then specified as zero. Thiwlsaime
arbitrary initialisation results in a realisticvidiion of the glacier into an accumulation and an ablation area
at the beginning of the mass balance y&ther programs that use the subroutinigt are free to use other
strategies for the specification of the initial wrtbickness and liquid water content.

STATISTICAL DISTRIBUTION OF TEMPERATURE VARIATIONS
A statistical approach is used in the determination of pesitgee-days and the fraction of the precipita-
tion that falls as smowhen the temperature is specified as monthly mean values or as a sinusoidal function.
Temperature deviations from the monthly means or from the sinusoidal function are assumed to be normal-
ly distributed with standard deviatien

When temperature is specified as daily values, the yoskiree-days and the fraction of the precipitation
that falls as sne are computed directly from the daily values withouy atatistical considerations.

Monthly temperatur e values

Assuming a uniform distriltion of the precipitation within each month or that precipitation and tempera-
ture fluctuations within the month are uncorrelated, the fradtiohthe precipitation that falls as smalur-

ing the month can be computed as

1
- V2 _.!;
= Lerfc((T, - Ty)/(V20)) | @

whereT is temperaturel is a threshold (typically about 1°Q),, is the monthly mean temperature and er
fc is the complementary error function

f e—(T -Tm)?/(202) dT

_ 2% e
erfc(x) = V—ﬂIe dé. @)

Distributing the days of the yeavanly among the months for simplicjtihe positve degree-daysPDD in
a gven month are similarly computed as

[o0]
PDD= """ !’ Te (T 0T

= 365/1257% e @) 4 1 TmerfC(_Tm/(VZJ))g' ®)
T

Sinusoidal temperature variation
If the variation in the mean daily temperatdrgis assumed to be sinusoidal within the mass balance year
thenTy can be expressed as

Tq(t) =T, + Tpocos(2tt/A) + T sin(2t/ A), (4)

wheret is time since the beginning of the mass balance year (in dajs}the length of the year (in days),

T, is the aerage temperature of the year ang andTg; are codicients. Assuming wniform distritution

of the precipitation within the mass balance year or that precipitation and temperature variations within the
year are uncorrelated, the fraction of the precipitation that falls asiareogven time period from day,

to dayD, is given &

DZ Ts
— J- 1 Ie—(T—Td(t»Z/(M)det
D ov2r
D;-1 —00
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D

_1 7 o
_ZDDLerfc( (Ts - T4())/(V20))dt , o

whereD = D, — D; + 1 is the period length in days. The pogiticegee-days in a gen year are similarly
computed as

D, 00

PDD = J’ L ret e grgy
o oV2n

D,

_ o 09 moe gTd(t)erfc(—Td(t)/Nza))gdt . ©6)
- 2

Equations (5) and (6) can beakiated efficiently by traditional algorithms for numerical gregion,e.g.

Simpsons rule.

OPTIONS OF TMBT
-a The snav accumulation is directly specified as a function of altitude in an accumulation-file in-
stead of a precipitation-file. The name of the accumulation-file is specified in the same loca-
tion of the command line as the precipitation-file.

-X Spatial coordinateg andy are specified in the elation-file in addition to the altitude (the
file then has three columns instead of only one). Thises#kpossible to specify explicit loca-
tions on the glacier in case the mass balance is not only considered as a function of altitude.
This option can be used to specify the locations of mass balanes sth&re the mass balance
is to be computed.

-S Locations, eleations and dates of fall, spring and fall measurements aea gi the multi-
columns format (wsy-format) described in the CWE-memo about mass balance data format (10
columns giving stake-namg, y, z, wbl, sbl, ybl, d0, d1, d2).

-t Use the dates specified in a wsy-formavaten/location-file to compute the mass balance of
sub-interals, rather than the default (whole year) or the dates read from aralitierv Ihe
initial day of the computations will then be the first ddter the fall visit to the glacier and
separate mass balance computations will be performed for the winter and summer seasons. The
winter and summer seasons extend fid®r1 todl and fromd1+1 tod2 wheredO, d1 and
d2 ae the dates gen in the three last columns of the wsy-file.

S Jump woer the first date in the inteal-file without performing mass balance computations for
the interval 1 tad1, whered1 is the first date in the file. Then the mass balance computations
will be started on dayd@+1).

-f Fit mass balance data in wsy-formatvet®n/location-file by adjusting the precipitation €or
rection pko so that the appropriate mass balance components are reprodineditting is
only carried out for years/seasons where the corresponding mass balance vie. pbiséi
whole year and the winter and summer seasons are fitted independently so that the sum of the
modelled winter/summer precipitation and some of the mass balance components may not
equal the corresponding yearly precipitation or yearly component. The sum of the winter and
summer model results is written out separately and can thus be compared to the fitted yearly
values. Thefitting procedure is impemented as a simple loop which sometimes does not pro-
duce accurate results when the mass balance is near&h.results are not automatically
recognised by the program and must be identified by the Tikés option should therefore be
used with caution and the resulting fitted mass balance compared with the original measured
mass balance. The fitting has succeeded thenaigeequal or almost equal, but the fitting
procedure may fail in case the mass balance is near zero and then the results of the fitting are of
little use.
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INPUT TO TMBT

MBT(LL)

Use wide output format for model results (print with stalame, x, y at the start of each line
of output).

Use output format where intervals from wsy-file are printed at the end of the output lines.

Use double precision format for model results and model parameters. This is useful for opti-
mal parameter fitting (intended for programming purposes where the full numerical gccurac
of the results is needed).

Fitting options (see code).
Print program version on stderr and exit.
Print help text on stderr and exit.

The input tatmbtis read from files with names which argeji as ©mmand line parameters.

param-file Various computational parameter&ach line specifies one parameter and consists ofathe v

elev-file

temp-file

of the parameter as a floating point number followed by the three letter name of the parameter
The parameteralue and the parameter name are separated by a space.oilbeigdarameter
names are the same as the names of thareants in the call of the subroutiimebt as shan

in the SYNOPSISsection abee. All of the first 16 parameters must be specified although
some of them may not actually be used in all ca€ggional parameters may be used to speci-

fy horizontal precipitation ariations and a seasonal variation of a climatic temperature change.
The parameters are described bello a parate section.

Elevation file. The mass balance is computed at a humber wdtieles (he) specified by this

file. Theelevations may either be specified as a list of discreteatita values Kie=1 or ne>3)

or as three values which specify a minimunvaten, an elgation increment and a maximum
elevation, respectiely. If the option—x is given (see abwe) then this file is assumed to contain

X, Y, zvalues in three columns. If the optieis is given (see abwe) then this file is assumed to

be in the wsy-format described in the CWE-memo about mass balance data format (10
columns giving stake-namg, y, z, wbl, sbl, ybl, d0, d1, d2).

Temperature fileffiles. If more than one file needs to be specified, all the namesaBsgne
command line argument where the indual names are separated by commas (",") without
spaces between the namd@$e number of values in the file/filest) determines whether the
values are daily mean values (180t < 1000), monthly mean values £6nt < 24) or parame-

ters specifying a sinusoidal variation in the mean daily temperature within mass balance year
(nt=2,3). Ifa dnusoidal variation is used then the values in the file specify the mean tempera-
tureT,, and the codfcientsT., andT; corresponding to the cosine and sine terms in the sinu-
soidal function ¢f. equation (4) abee). Thesine codiicient Tg;, may be omitted in which case

it is assumed to be zero. It is not possible to compute the mass balance for shorter periods than
one mass balance yearTif; is omitted because then the phase of the temperadtiggion is

likely to be meaningless. In that case, all the accumulation is deposited on dice sfirthe

glacier before the melting starts. Otherwise, accumulation and melting occur simultaneously
through the mass balance year such that melting during the lateefaftér the bginning of

a rew mass balance year) in the ablation area of the glacier is according to the degiee-day f
tor for ice. The number of values in the temperature file can featit from the number of

days (months) in a calendar year if the user wishes to model a mass balance year which is
longer or shorter than a calendar year (this may occur in practice if mass balance measure-
ments are carried out on different dates in different years).

precip/acc-file

Precipitation file/files. If more than one file needs to be specified, all the hamesearesgi

one command line gument where the individual names are separated by commas (",") with-
out spaces between the nam&be number of values in the file/filesp] determines whether

the \alues are daily precipitation (150nt < 1000), monthly precipitation (8 nt<24) or
yearly precipitationrfp=1). If npis not equal to 1 thenp must be equal tat.
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If the —a option is gven then this file specifies the sm@ccumulation directly instead of com-
puting it from the precipitationThe accumulation is thenvgn as me value for each eletion

for which the mass balance is to be compufEde mass balance can only be computed for a
whole year if the accumulations is specified in thés/wNo wind correction is applied to the
accumulation read from an accumulation file and the climatic precipitation increase specified
by the parametedep (see below) does not apply to accumulation specified in s Whis

option is primarily useful for calibration purposes.

precip-elev-file

int-file

File describing the relat variation of precipitation with el@tion. Thisoptional file is speci-
fied on the command line if the parameagep in par-file is given as -1.0. Then the parameters
rko, skoand pko are used as before to compute the precipitation at thatieteelq, which is
assumed to be within the eétion range of the glaciefThe precipitation at other efgtions on

the glacier is assumed to be in the same proportion to the the precipitatigraatspecified

by the data in theprecip-elev-file. Linear interpolation is used to compute values in between
the pairs ofz and p that are gien in the file.

Interval file. If this optional file is specified on the command line then the mass balance is
computed for gien intenals within the mass balance yedthe (whole) numbers in the file

(one per line) are interpreted as months & it < 24, but as days otherwise. If the mass bal-
ance is computed in thisay it is critical that the temperature and precipitation records start at
the beginning of the mass balance yédataily or monthly values are used, and that the phase

of the sinusoidal temperaturanation within the year is properly specified, if the temperature
variation is specified in thatay. In the case of sinusoidal temperature variation, the phase is
determined by the sign and the relatimportance of the cofidients T, and Tg;. If Tg is

omitted from the specification of the sinusoidal function then it is not possible to compute the
mass balance of inteals shorter than one yeafhe sectiorOUTPUT FROM TMBTbelow
describes the output, when the opticin&file is specified, in more detaillTheint-file may al-

so be used to limit the mass balance computations (the mass balance year) to a shorter period
than the number of days or monthsepi by nt. In that case thét-file will contain only one

value which is the last day or month of the mass balance y&ds option simplifies the
preparation of input files fambtin some cases. Dates in time-file may also be specified as
calendar days in the format 'aaaammdthen the data files must start on 1 January of the ini-

tial year of the mass balance yedhe first date in tht-file may be gien as a egdive rum-

ber in order to specify an initial day for the mass balance computations. Temperature and pre-
cipitation data before this day are then ignored and the mass balance computations are started
on the specified dayThe initial day of the computations should, as a rule, be specified as the
day after the fall visit to the glaciefhis is primarily useful when data files correspond to cal-
endar years and datesiim-file are specified as calendar dayie-j option may also be used

to jump orer a gecified time period in the beginning of the data files. If-thaption is gven,

the mass balance computations will be started on dikyl) wheredl is the first date in the

file.

The parameters that need to be specified in the parameter file are descrivedAnedgample value for
each parameter with units where applicablevsrgéter a short description of the parameter.

sgm

tsn
grt

standard deviation of temperaturevid¢ions from the monthly mean values or from a sinu-
soidal function. Ifsgmis specified as a getive rumber then a temperature record of monthly

or daily temperaturealues will be used for computing a least squares sinusoidal temperature
variation within the mass balance year and the sinusoidal function together with the (absolute)
value of sgmwill be used for the computation ofghee days. The computation of the fraction

of the precipitation that falls as smads not affected by a rggtive value ofsgm. Example: 3.0

(°C).

snow/rain threshold. Example: 1.0 (°C).

temperature/elgtion gradient, positie value of the parameter specifies decreasing tempera-
ture with eleation. Example: 0.6 (°C/100m).
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arp precipitation/eleation gradient. Example: 0.1 (1/2100m).

rko rain correction factor for measured precipitation > 1. Example: 1.2.

sko snaw correction factor for measured precipitation > 1. Example: 1.8.

pko precipitation correctionaictor for measured precipitation. The precipitation correctatof

represents the relation between the measured precipitation at the precipitation station and the
precipitation at eletion elq on the glacierdf. the formula in the description of the parameter
elqbelov). Example:l.0.

ddi degree-day factor for ice. Example: 0.00,g1fC/day).

dds degree-day factor for smo Example: 0.004 (p./°C/day).

sis snaw thickness for blending afdi anddds. Example: 0.3 (e).

rfr refreezing ratio, the relag anount of liquid or refrozen ater (either melt water or rain)
stored in the swd must exceedfr before rundfoccurs. Example: 0.07.

elt elevation of temperature station. Example: 700 (m a.s.l.).

elp elevation of precipitation station. Example: 700 (m a.s.l.).

elq starting elgation for the precipitation gradient computations. The precipitation at satiele

e is computed according to the formuybko Cp,,(1 + (e — elg)grp/100)), wherep,, is the cor
rected measured precipitation at the precipitation station. Example: 700 (m a.s.l.).

det temperature change, fokample climatic warming. A seasonal variation in the temperature
change may be introduced with the paramealéz®nddtc that are described b&lo Example:
2.0 (°C).

dep relative recipitation increase per degree of temperature chambe. precipitation is multi-
plied by (1+ depeif a depvalue different from zero is specified. Example: 0.05 (1/°C).

dtc coefficient of an optional cosine seasonal term in the temperature change. Example: 0.0 (°C).

dts coefficient of an optional sine seasonal term in the temperature change. Example: 0.0 (°C).

xc0 x-coordinate of the origin of a bilinear spatial precipitation distidn. Example’500000.0
(m).

yc0 y-coordinate of the origin of a bilinear spatial precipitation distiin. Example’500000.0
(m).

pgx spatial precipitation gradient in thedirection. Example0.02 (1/2000m).

pay spatial precipitation gradient in tlyedirection. Example:0.02 (1/1000m).

The parameterzc0, yc0,pgxand pgy can be used to specify a linear precipitatiariation in 2 horizontal
directions. If a more complication precipitation variation is needed, the subrqxyzéx,y,z)defined in

the file pxyz.f may be redefined in order to implement an arbitrary variation of the precipitation,with
and/orz.

OUTPUT FROM TMBT
The output fromtmbt is written tostdoutand must be redirected to a file if it needs to lvedsan dsk. It
consists of a header which contains the command line wlashuged to oke tmbt,the number of alues
read from the temperature, precipitation andatien files, the first and last day of the mass balance year
(they are equal to zero if mt-file is not used), the values of the parameters read from the parameter file and
a line of names for the columns that fello

Below the header the output consists of one line for eadfatila for which the mass balance was comput-
ed. Thelines contain the eletion [m a.s.l.], the posite cegee-days [°C day], precipitation, accumulation,
ablation, melting of ice, melting of swprefreezing and mass balance,Ja. If the —w option is used to
specify wide output format, the stakame, and the horizontal coordinateandy are also printed out at
the start of each line before thewetion (see abee). Theaccumulationis the sum of the computed sno
fall. Refrozenrain water (in the rare case when melting is less than needed to wetwhéssnot counted
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with the accumulation. Rather it leads to a puesitiblation. Themelting of snaw and ice are posite
guantities which are found from the computedrde-days. Theefreezingis a positve quantity for yearly
mass balance computations. It is computed as a certain fraction (specified by the pafignoétire re-
maining snw. It denotes both refrozen and stored liquid water (melt water or rain) which doeswveot lea
the snav pack either because it is refrozen due to sub-zero temperatures invhpaskan late winter or
early summeror because a smopack at the melting point can store some water in liquid form (on the or
der of 5% by weight).Therefreezingis aways smaller than the sum of the melting and the amount of pre-
cipitation that &lls as rain. The refreezingmay sometimes be gaive (meaning that liquid water is re-
leased from the smopack) when the mass balance is computed for iateishorter than one year (see be-
low) because the amount of refrozen or retained liquid water will be reduced during the summer when the
thickness of the smo pack is reduced by meltingThe ablation is defined as the getive o the melting

plus the refreezing. It can become pesitih the rare case when the refreezing is greater than the melting.
Themass balancés the sum of the accumulation and the ablation.

Mass balance can be computed for specifieatvalswithin the mass balance year by includingirarfile.

In this case the output starts with the same information as for whole year computations, including the re-
sults for the yearly balance as describedvab®elow this output there will be one section for eauter-

val in the same format as the whole year resufa. example, if the temperature is specified as monthly
values and if thant-file contains the numbers 3, 6, 9 and 12, then four such sections will be written out.
The sections contain mass balance information for four conse@ithonth intervals from the lganing

of the mass balance yedtach section is preceded by a line that specifies the time interval in qudttion.
intervals are specified in thisay it is assumed that the mass balance year ends on the last date specified in
int-file and temperature and precipitation data beyond this d&fdeérand p-file are ignored.

If the accumulation is directly specified through an accumulation file then the precipitation column in the
output oftmbt contains zeros.

CALLING OF MBT
The mass balance computationgrobt can be performed by other programs by calling the subroutibés
andwcorr directly.

Before mbt or wcorr are called for the first time, the parameter initialisation subrourit must be
called. Thenames and meaning of the parameters in thenaent list ofimbt are the same as described
above for the parameters ¢mbt. The wind correction routine/corr, should be called once aftinbt has

been called and before the first calhtbt. The reason thatcorr is not called automatically bybtis that
mbtis typically called repeatedljput wcorr only needs to be called once for a particular set of temperature
and precipitation data. The routingbt can then be called once, if whole year results are requested, or re-
peatedly for consecuwt intenals within the mass balance ygéthe distritution of the mass balance with-

in the year is to be found.

The argument list ofmbt specifies the temperature and precipitation in the atraypsl p, which have the
lengthsnt and np respectiely, and are interpreted in the same way as describedeabo the input files
temp-fileand precip-file of the prograntmbt. Two arrayss andl, which are both of lengthel, wherenel

is the number of el@tions for which the computations are performesdedie thickness of the snocover

and the amount of liquid or refrozen water stored in thevsidhe beginning of the time interval for which
the mass balance is to be fourgbth s andl are gven in m, .. The subroutinenbt does not makany as-
sumptions about the initial swadepth or the liquid water content of the snat the bginning of the mass
balance year and expects the calling program @ date of this by proper initialisation of the arra/and

I. This provides for flexibility and &€iency in the use ombtwhich can be used to compute the mass bal-
ance for ap time period of the mass balance year without considering tl@psemass balance history
explicitly. If mbtis called repeatedly then the calling program must use the returned results of each call to
mbt to update the arraysand| as appropriate before the next callnbdt is made. For details, see the
source code dimbt. The arraysx,y, of lengthnxy,contain the spatial coordinates of the locations where the
mass balance will be computed in case spatial coordinates arelugbis casenxy=nel. Else the length
nxy=0. The arraye, which has lengtime, specifies the el@tions for which the mass balance is computed.
The ele@ations may either be specified as a list of discreteatita values (e=1 orne>2) or as tw values
which specify a minimum el@tion and an ebation increment, respewtly. Note that this eletion speci-
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fication is slightly different from the specification of\eions with the input fileelev-fileto the program

tmbt as described abe. The reason is that the number ofvet®ns is already gen in the agumentnel

and therefore the maximum e#&ion does not need to bevgn in the arraye. A piecewise variation of the
precipitation with eleation may be specified with the arrageand pe, of lengthnpe,as described abe

for the input fileprecip-elev-fileof the prograntmbt. An extra precipitation correction may be specified in

the arrayxpk. This correction is not used if the length of this amapk=0. Otherwise, the array specifies

a eparate precipitation correction factor for each point where the mass balance is to be contysiiggak

tion is only intended to be used when observed mass balance data are fitted by adjusting the precipitation
correction so that the measured mass balance at each point is preproduced-f{sggtitreoftmbt that is
described ab).

The results are returned in the 2D arréy,nv). The first defining dimensionr, corresponds to the ele-

vations for which the mass balance computations are done and must be greater than or equal to the number
of elevationsnel. The second dimensiav is the number of output variables which is requested. The sub-
arraysr(*,i), i=1,2,...,nv, contain the mass balance, accumulation, ablation, melting of ice, meltingwof sno

and refreezing [).], positve cegee-days [°C day] and the precipitation,[g} (in this order).If nv<8

then one or more of the last subarrays is not returned.

The interval of the computations is specified with the integgrmaentsfd andld. If both fd andld are
equal to zero then the mass balance computations are performed for a whole mass balaredoyaar (
number of days or monthsiift>3). If fd andld are diferent from zero and monthly temperatures are
used then the mass balance computations are performed from fddntimonthld, otherwise the compu-
tations are performed from dag to dayld. Both fd andld may be arrays specifying different intaty

for the different eleations for which the mass balance will be computidthat case, the gumentnfld is
specified equal tael. Otherwise nfld is specified as 1.

The subroutinembt can be used to write all parameter values sétllytogether with some other reknt
information tostdout.

An example section from a main program usmgt, mbtandrmbt is listed belov.

call imbt(sgm,tsn,grt,grp,rko,sko,pko,ddi,dds,sis,rfr
elt,elp,elq,det,dep,dtc,dts,xc0,yc0,pgx,pgy)

call weorr(t,nt,p,cp,np,tms,tc,ts)

call mbt(t,nt,p,np,s,l,nel,x,y,nxy,e,ne, ...
ee,pe,npe,r,niyfd,ld,nfld)

call rmbt()

CALLING OF MASSBXYZT
The computations of the routimeassbxyzare initialised with one call tmmassbxyztvhere model parame-
ters, the rate of climate change and a datum seasanation of temperature and precipitation are read
from input files. The routinenassbxyztmay then be repeatedly called to compute glacier mass balance
components as a function of space and tiffiee routine returns the mass balance, accumulation, ablation
(-melting (ice and snow) + refreezing), precipitation and rdifiasfa whole mass balance year in separate
two-dimensional arraysThe climate change within each mass balance year is assumed to be thé& same.
is computed from time 0.0 to the middle of the corresponding yidaare is no climate change before time
0.0. If massbxyzts called repeatedly within the same mass balance iy@dall compute the mass balance
only once and return the same results without repeating the computations as longves thasgi balance
year is the same. The last model resultsrartestoed internally in the subroutine and must therefore be
provided in the appropriate output variables on each call (that is the routine does nothing if the mass bal-
ance year is the same as in the previous call).

An example section from a main program usmgssbxyzandmassbxyzis listed belav.

call imassbxyzt(parfile,tparfile,tfile,pfile,tt,ntp,nt,pp,ntp,np)
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do i=1,nloop
call massbxyzt(tt,nt,pp,np,x,y,z,yr,md,m,n,b,c,a,p,r,s,l,w)

yr = yr+dt
end do

The user must inspect the source code of the routines in order to obtain detailed inforrgatitimgréhe
specification of input arrays and work arrays.

INSTALLATION AND POR TABILITY
mbt andtmbt are written inFortran for UNIX computers. Theource code, which has been tested on Lin-
ux (v. 2.4.18, Redhat 8.0 distribution), an HP9000 (HP-UX]14) a Sun SPARC (SunOS, §.8) and
DEC/Alpha (OSF1, v4.0), should compile on mositNIX computers with essentially no changes (see com-
ments in the makefile for changes needed on theeatentioned platforms). The source code is diatrib
ed as ashell achive in two files which are unbundled with the commands

shmbt.dist
shinx.dist

wherembt.distandInx.distare the names of the source code distribution fitelst.distcontains thd-ortan
source code and input for tests of the mass balance modébadidt contains output from the tests ob-
tained on a Linux machine. The user should be located in a suitable empty directory wherustéesinb
the source and must nmakure that the current directory (".") is in th&THH. Thedistribution contains a
makefile which describes the compilation and linking of the prognaufot and two test programs. The us-

er should read the mefile carefully and makthe recommended changes for the platform where the soft-
ware is being installed.

OnUNIX computers the command
malke [> LOG]

sets the file permission of anfdiles, compiles th&ortran source code afmbt and the test programss-e
ecutes the test programs and a number of test runsbvfind compares the output of the tests with the e
pected output (obtained on LinuxXNOTE: The definitions of theariablesFC, FFLAGS and LFLAGSIin

the makefile may not be applicable to &INIX Fortran compilers (the makefile is for thfe Intel compiler

on Linux and contains the appropriate definitions for &ia and DEC/Alpha in commented lines). In case
of problems try removing the flaga (all variables are implicitly undeclared) €D (full optimisation) or

both from the definition oFFLAGS. The file derfc.f is machine dependent and needs to be adapted to the
platform by commenting/uncommenting the appropriate lines and thérfilatof.cneeds to be modified
slightly on HP in the same manner (see comments at the beginning of the files).

If all tests run as thyeshould the output should contain a line saying
The filesfilel andfile2 are identical

for each test (in addition to a number of other diagnostic lines from the compiler andkbeommand).

In mary cases some harmlessfdiences caused by compiler dependent formatting of floating point num-
bers will be found€.g.".12345" versus "0.12345") or precision related differences in the last digit of the
output numbers. The output can, if desired, be redirected to a log file forXataimation. Themake
command remes doject files and the test programeeutables before exiting, but les the tmbt ex-
ecutable on the diskThe male deanoutcommand remaes the output files from the tests from the disk.

In case of problems, the user can mdle individual test programs aiehbt manually and run the tests,
one at a time, by giving the appropriat@ekecommands (see thmakefile for details).

The source code ahbt andtmbt contains no calls to plotting sofare. All user input is through standard
Fortran file 1/0. All output is written tostdoutand error messages are writterstderr. The code should
therefore be easily portable to most ndN{X computers with &ortran compiler.

The output from the progratmbt needs to be postprocessed by appropriate plotting software in order to
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generate a visual representation of the outpiiis software will be platform depender®n UNIX com-
puters the utilitiegrep (1), awk (1)andsed (1)will be found useful for the processing of the output from
tmbt.

NOTES AND WARNINGS
Note that the standard\dation of the temperature dations o, does not hee exactly the same pisical
meaning for monthly temperature values as for a sinusoidal temperature variation.

Refrozen melt water and the liquicater content of the smoare not distinguished, and the refrozen melt
water is released as the snthickness is reduced by melting in the same way as liquid water stored in the
snaw.

Checking of input data is noktensie. For example, the user must specify the optiony-values gien

in elevation-file) or-s (wsy-formatted elegtion-file) correctly Otherwise, the input data will be incorrectly
interpreted, leading to unpredictable results of the computations. Also, care mustrbéotalse correct
units (°C and ) for the input data.

The computation of the yearly mass balanceriny is relatively efficient, especially when the temperature
is specified as a meaalue and the amplitude of a sinusoidal functiot¥2), and the routine is suitable for
repeated calling by a dynamic glacier model for this reagdmwe computation of the distribution of the
mass balance within the mass balance year requires somewhat more computational resources.
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