


Hydrological Service Division

Mass balance modeling of the Hofsjökull ice cap
based on data from 1988–2004

OS-2006/004

Tómas Jóhannesson 1, Oddur Sigurðsson 2,
Bergur Einarsson 2 and Thorsteinn Thorsteinsson 2

1Icelandic Meteorological Office
2National Energy Authority, Hydrological Service Division

Client:
The CWE, CE, VVO and VO projects

9979-68-180-2

National Energy Authority—Hydrological Service Division
Orkugarður • Grensásvegur 9 • IS-108 Reykjavík • Phone +354 569 6000 • Fax: +354 568 8896 • vm@os.is • www.vatn.is









Contents

1 Introduction 7

2 The mass balance data set 7

3 The map of the ice cap 9

4 The MBT mass balance model 10

5 Calibration of the mass balance model 11

6 Average mass balance of ice flow basins 14

7 Stability of the model calibration 18

8 Comparison of different model types 20

9 Back-calculation of precipitation at stake locations 21

10 The climate scenario 23

11 Observed temperature changes in Iceland 30

12 Changes in mass balance 34

13 Static sensitivity of mass balance to climate changes 34

14 Changes in glacial runoff 36

15 Discussion 37

16 Acknowledgements 38

17 References 38

A Appendix: Man-pages for the MBT mass balance model 42

5



List of Tables

1 Fixed model parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 12
2 Optimised model parameters. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . 13
3 Simulated net mass balance for ice flow basins on the Hofsjökull ice cap 1981–2000. . 17
4 Model parameters estimated from subsets of the mass balance data. . . . . . . . . . . . 19
5 Static sensitivity of the mass balance of Hofsjökull. . . . .. . . . . . . . . . . . . . . 36

List of Figures

1 Map of the Hofsjökull ice cap. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 8
2 Observed winter and summer balance. . . . . . . . . . . . . . . . . . . .. . . . . . . 9
3 Modeled and measured winter and summer balance. . . . . . . . . .. . . . . . . . . . 14
4 Simulated net mass balance of Hofsjökull, 1981–2000. . . . .. . . . . . . . . . . . . 15
5 Simulated annual precipitation on Hofsjökull, 1981–2000. . . . . . . . . . . . . . . . 16
6 Residual variance of different model types. . . . . . . . . . . . .. . . . . . . . . . . 20
7 The CWE-NCS temperature change scenario, 1990–2050. . . . .. . . . . . . . . . . 24
8 The CWE-NCS precipitation change scenario, 1990–2050. . .. . . . . . . . . . . . . 25
9 The five ACIA model average projected temperature change from 1981–2000 to 2071–

2090. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
10 The five ACIA model average projected relative precipitation change from 1981–2000

to 2071–2090. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .27
11 The monthly CWE-NCS temperature and precipitation change scenarios near Iceland. . 27
12 The monthly average temperature and precipitation change near Iceland for the 5 ACIA

OAGCM models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
13 Seasonal temperature variation at Hveravellir, 1987–2003. . . . . . . . . . . . . . . . 29
14 Annual mean temperature in Reykjavík, 1866–2004. . . . . . .. . . . . . . . . . . . 30
15 Annual and seasonal warming in Reykjavík for four time periods. . . . . . . . . . . . 31
16 Annual and seasonal warming at four meteorological stations, 1981–2004. . . . . . . . 32
17 Annual and seasonal warming, 1981–2004, five station average. . . . . . . . . . . . . 33
18 Simulated change in net mass balance of Hofsjökull for a warming of 1◦C. . . . . . . . 35
19 Simulated monthly average runoff from Hofsjökull . . . . . .. . . . . . . . . . . . . 37

6



1 Introduction

Global warming during the next decades due to increasing concentrations of CO2 and other trace gases
in the atmosphere (IPCC, 1990, 1996, 2001) is expected to have pronounced effects on glaciers and ice
caps and lead to major runoff changes from glaciated areas. Many glaciers and ice caps are projected
to almost disappear during the next 100–200 years. These changes may have both local and global
implications, such as changes in the discharge of glacial rivers (Hocket al., 2005), changes in the
vertical stratification in the upper layers of the Arctic Ocean (Curryet al., 2003) and a rise in global
sea level (Churchet al., 2001).

Effect of future climate changes on the mass balance and runoff from the Hofsjökull ice cap, cen-
tral Iceland, was considered in the Nordic research projectClimate Change and Energy Production
(CCEP) (Sælthunet al., 1998; Jóhannessonet al., 1993, 1995a,b; Jóhannesson, 1997) based on mass
balance measurements carried out by the Hydrological Service Division of the National Energy Author-
ity (NEA) during the years 1988–1992. As a part of the Nordic research projectsClimate, Water and
Energy(CWE, “http://www.os.is/cwe”) andClimate and Energy(CE, “http://www.os.is/ce”), and their
Icelandic counterpartsVeðurfar, vatn og orkaandVeðurfar og orka(VVO and VO, “http://www.os.is/-
vvo”), a new mass balance model for Hofsjökull has been calibrated based on mass balance measure-
ments up to and including the mass balance year 2003/2004 (Sigurðsson, 1989–2004), a total of 17
mass balance years. This mass balance model has been used within CWE/CE/VVO/VO as a part of
dynamic modeling of the glacier for assessing the time-dependent reduction in ice volume caused by
climate warming (Aðalgeirsdóttir, 2003; Jóhannessonet al., 2004). This report describes the develop-
ment of the mass balance model, the definition of climate change scenarios for glacier modeling in the
Icelandic highland based on the CWE-NCS climate change scenario for the Nordic countries (Räisä-
nen, 2003; Rummukainenet al., 2003), and the results of mass balance modeling for four scenarios
for changes in temperature and precipitation that represent different possibilities for the development
of the climate of Iceland during the 21st century.

2 The mass balance data set

The mass balance data set from the Hofsjökull ice cap consists of observations from the outlet glaciers
Sátujökull, Þjórsárjökull and Blágnípujökull from the period 1988 to 2004 carried out by the National
Energy Authority (Sigurðsson, 1989–2004). The stake network is shown in Figure 1. The winter bal-
ance is typically measured in early May and the summer balance in late September. The measured
winter mass balance at the stakes is in many cases, especially in the ablation area of Sátujökull, aug-
mented with snow thickness measurements that are carried out by manual probing down to the previous
late summer or fall surface (ice in the ablation area) between the stake locations and also to the sides
of the main stake lines.

Measurements at some stakes are missing in some years and themass balance values measured
at the individual stakes may contain fluctuations due to local conditions that are not considered repre-
sentative for the elevation range where the stake is located. The winter and summer measurements of
each mass balance year from each outlet glacier are interpreted in terms of mass balance as a unique
function of elevation over the entire elevation range of therespective glacier. The interpreted values
are used to estimate the specific winter, summer and annual mass balance for the three monitored ice
flow basins on the ice cap in the annual mass balance reports. These interpreted data are the main data
for the modeling described in this report, although the raw measurements at the stakes are also used
for comparison. For the purpose of the modeling, the interpreted mass balance values are assumed to
correspond to specific locations along lines down each glacier (shown in Fig. 1 as red lines), although
the interpreted mass balance values are originally only considered functions of elevation within each
of the three monitored ice flow basin and not tied to locationson the ice cap.
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Figure 1:Map of the Hofsjökull ice cap showing ice flow basins and locations of mass balance stakes.
Interpreted mass balance values are assumed to be located onred lines that are drawn down each of
the monitored outlet glaciers. Ice flow basins are identifiedwith sequential numbers between 1 and
18. Sátujökull is basins no. 10 and 11, Þjórsárjökull is basins no. 16 and 17 and Blágnípujökull is
basin no. 5. Basin no. 9 is, in general, also taken to be a part of Sátujökull, but basins no. 10 and
11 are only considered in the interpretation of the mass balance measurements from Sátujökull at the
National Energy Authority, since no stakes are located in the lower 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 for three outlet glaciers from the
Hofsjökull ice cap. Sátujökull is on the north side of the icecap, Þjórsárjökull is on the southeast side
and Blágnípujökull faces soutwest.

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

Figure 2 shows the interpreted winter and summer mass balance as a function of elevation on
each outlet glacier. The winter balance ranges from about−0.5 mw.e.a−1 at the lowest elevations to
about 4 mw.e.a−1 near the summit, and the summer balance ranges from about−7.5 mw.e.a−1 at the
lowest elevations on Þjórsárjökull and Blágnípujökull in the warmest years to about +1.5 mw.e.a−1

near the summit in some years. The interannual variations inthe winter balance at the same elevation
on the same outlet glacier are about±1 mw.e.a−1, comparatively independent of elevation. In the
accumulation area, the interannual variations in the summer balance at the same elevation on the same
outlet glacier are similar as for the winter balance. The range of the interannual summer balance
variations widens downglacier and reaches about±2 mw.e.a−1 at the lowest elevations. The summer
balance in the accumulation area of Sátujökull in 1991 (clearly visible as outliers in the upper left part
of the summer balance panel of Fig. 2) is an exception from this pattern. This is due to tephra from
an eruption in Hekla in January 1991, which affected the ablation of snow on the north side of the ice
cap during this summer. The winter balance observed at the lowest elevations of Sátujökull deviates
from the trend with elevation defined by other winter balancemeasurements from this glacier (outliers
to the right at about 900 m a.s.l. in the winter balance panel of Fig. 2). This is due to snow drift into
the lowest elevations near the terminus of Sátujökull, which affects a comparatively small area because
the glacier is much steeper near the terminus than at other elevations.

3 The map of the ice cap

The surface of the Hofsjökull ice cap was mapped in 1983 usingprecision barometric measurements
(Björnsson, 1988). The ablation area and the lowest part of the accumulation area below about 1200–
1400 m a.s.l. was remapped by the Loftmyndir ehf. based on aerial photographs taken in August 1999
from an altitude of 8000 m. The summit area of the ice cap above1600–1700 m a.s.l. was mapped
by GPS instruments in August 2001 in connection with the drilling of a 100 m deep ice core near the
summit (Þorsteinssonet al., 2002).

The DTM used in the mass balance modeling described in this report is a composite, regular
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100x100 m grid based on the aerial and GPS mapping from 1999 and 2001, respectively, where possi-
ble. The map from 1983 was used in the middle and lower parts ofthe accumulation area where the
more recent measurements are not available. The glacier margin was, furthermore, digitised from the
rectified aerial photographs from 1999, and ice flow divides were drawn manually to delineate the main
ice flow basins. Figure 1 shows a contour map based on this new DTM together with the delineated ice
flow basins and the margin of the ice cap. According to this mapping, the area of the ice cap in 1999
was 890 km2.

4 The MBT mass balance model

A new version of the MBT mass balance model for temperate glaciers (Jóhannessonet al., 1993;
Jóhannessonet al., 1995b) was developed as part of the CWE and VVO projects. This model is a
degree-day (temperature index) model that was developed for temperate glaciers in Iceland and the
Nordic countries. Glacier accumulation and ablation are computed from daily temperature and precip-
itation observations at nearby meteorological stations. Daily melting,m, is computed according to the
equation

m= DDF max(T(z),0) , (1)

whereT(z) is daily mean temperature at altitudez on the glacier, andDDF is the degree-day factor,
which has separate valuesDDFs andDDFi for snow and ice, respectively.

The mass balance model may also be based on monthly mean temperatures,Tm, in which case
fluctuations of the daily mean temperatures about the monthly average are assumed to be normally
distributed with a standard deviationσ so that the sum of positive degree-days within the month,PDD,
is given by

PDD =
365/12

σ
√

2π

Z ∞

0
Te−(T−Tm)2/(2σ2)dT , (2)

and the amount of melting is given by equation (1) with max(T(z),0) replaced byPDD (Braithwaite,
1985; Reeh, 1991; Jóhannessonet al., 1995b).

When the snow thickness becomes less than a specified threshold, the degree-day factor is found as
a weighted average of the degree-day factors for snow and ice. The reason for this is that the snow-line
is not a sharp well-defined line at a certain altitude. Rather, it represents a transition from a surface
of clean ice to a surface completely covered with snow, wherepatches of clean ice and snow will be
mixed.

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

Temperature on the glacier is found using a constant vertical temperature gradient with altitudeΓ
(the so-called lapse rate is then−Γ)

T(z) = Tstn+ Γ(z−zstn) , (3)

where the subscriptstndenotes values at the meteorological station.
Precipitation,p, is computed using horizontal precipitation gradients,gx andgy, in addition to a

vertical gradient,gz,
p = (1+gz(z−z0))(1+gx(x−x0)+gy(y−y0))pc, (4)

wherex and y are horizontal coordinates, andpc is corrected and scaled precipitation. The station
precipitation is corrected for gauge losses using separatecorrection factors for snow and rain and
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scaled with a constant correction factor in order to transfer it to a reference altitudez0 at locationx0,
y0.

Accumulation,c, is found by assuming a constant snow/rain thresholdTs/r

c = p if T(z) ≤ Ts/r , c = 0 if T(z) > Ts/r . (5)

The mass balance,b, 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 cumulative mass balance over the winter and
summer seasons by summing over the appropriate time periods.

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

5 Calibration of the mass balance model

The mass balance model is based on daily temperature and precipitation observations from the meteo-
rological station at Hveravellir to the west of the ice cap (station no. 892, located at 64◦52’N, 19◦34’W,
641 m a.s.l., data obtained from the Icelandic Meteorological Office), and calibrated against the winter
and summer mass balance measurements from 1988–2004 that are described in Section 2.

Usually, stakes on the same outlet glacier are visited on thesame day in the spring and autumn of
each year or within a few day period. Occasionally, stakes onthe same outlet glacier have, however,
been visited with a time difference of up to a month or more. Inorder to take this into account, separate
measurement days are used for all stakes and all years in the calibration of the mass balance model,
without fixed assumptions about the beginning or end of the winter and summer seasons. In model
simulations with the calibrated model, annual mass balanceis computed by summing daily or monthly
values over a whole mass balance year, which is assumed to start on 1 October.

The MBT model parameters are described briefly in the previous section, and in detail in the
Appendix. Each parameter is denoted with a unique three letter abbreviation,e.g. “ddi” for the
degree coefficient for ice,DDFi. Some of them, but not all, are also denoted by a symbol such as
“DDFi”. The model parameters that are fixed beforehand and are not varied in the calibration are
given in Table 1. The fixed parameters are mainly of topographic nature, such as the altitude of the
meteorological station, or describe meteorological characteristics, which are taken from other sources.
The temperature lapse rate,−Γ, is based on values tabulated by Eyþórsson and Sigtryggsson(1971)
and also given by Einarsson (1976). The rain- and snow-correction factors are estimated by Sigurðsson
(1990) for the meteorological station at Hveravellir. The temperature standard deviation,σ, is only used
in modeling based on monthly temperature and precipitationdata and is not relevant when daily data
are used. The snow thickness thresholdsis is used to determine when the degree-day factor should
found as a weighted average of the degree-day factors for snow (dds) and ice (ddi).

The reference location for the horizontal precipitation gradient,x0, y0, is chosen near the centre
of the ice cap. It may be chosen arbitrarily because changes in the reference location can be exactly
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Table 1:Fixed model parameters.

Parameter Name Value Unit

Temperature lapse rate (−Γ) grt 0.6 ◦C per 100 m
Snow/rain threshold (Ts/r ) tsn 1.0 ◦C
Temperature standard deviation (σ) sgm 3.0 ◦C
Snow thickness used in
degree-day computations

sis 0.3 mw.e.

Refreezing ratio rfr 0.032 1
Rain-correction factor rko 1.32 1
Snow-correction factor sko 2.0 1
Elevation of temperature station elt 641 m a.s.l.
Elevation of precipitation station elp 641 m a.s.l.
Referencex-location for
horizontal precipitation gradient (x0)

xc0 510 km

Referencey-location for
horizontal precipitation gradient (y0)

yc0 480 km

Starting elevation for
vertical precipitation gradient (z0)

elq 880 m a.s.l.

compensated by changes in the precipitation-correction factor, pko, but it is convenient to use a loca-
tion near the centre of the area under consideration as is done here. The starting elevation,z0, for the
vertical precipitation gradient is chosen near the lower end of the elevation range of the ice cap. This
parameter can also be chosen somewhat arbitrarily, becausechanges in the starting elevation may be
nearly compensated by changes in other precipitation modelparameters. However, it may be conve-
nient to use a starting elevation within or close to the elevation range of the glacier, especially if the
meteorological station is far outside this range.

The refreezing ratiorfr= 0.032 given in Table 1 is different from the valuerfr= 0.07, which was
used by Jóhannessonet al. (1995b) and Jóhannesson (1997). The previous value was chosen based on
measurements of the liquid water content of snow, and published values of similar parameters that have
been used in hydrological modeling with the HBV model in Sweden and Norway (Jóhannessonet al.,
1993). This value was reconsidered on the basis of the much more extensive mass balance data from
Hofsjökull used here compared with the data sets that were available in the previous modeling. This
analysis indicates that the previous value ofrfr is somewhat too high and a new value was chosen
based on a similar optimisation as described below for the other optimised model parameters. The
value ofrfr is constrained by the retention capacity of snow and the temperature of the snow pack
in the spring before melting starts on the glacier. Both the previous and the new optimised value are
reasonable in this context. The refreezing ratio was not considered in the same detail as the other
optimised model parameters because it has only a small effect on the modeled mass balance and its
exact value is somewhat uncertain due to this reason. It is, therefore, grouped here together with other
parameters with fixed values although its value is not the same as used in previous studies with the
MBT model.

The remaining 6 model parameters were determined using non-linear least squares parameter fit-
ting, minimising the total residual sum of squares (RSS) of the winter and summer mass balance
measurements. This was done by computing the differences between measured and modeled winter
and summer mass balance for all years at each location as an array, which was expressed as a function
of the model parameters to be calibrated (mainly precipitation parameters and the degree-day coeffi-
cients for ice and snow). The non-linear least squares optimisation routine NLS from the statistical

12



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

Parameter Name Value σp Unit

Degree-day factor for ice (DDFi) ddi 7.44 0.07 mmw.e.
◦C−1 d−1

Degree-day factor for snow (DDFs) dds 4.98 0.07 mmw.e.
◦C−1 d−1

Precipitation-correction factor pko 1.119 0.03 1
Precipitation/elevation gradient (gz) grp 0.207 0.01 1 per 100 m
Horizontal precipitation
gradient in east direction (gx)

pgx 0.0208 0.0014 1 per km

Horizontal precipitation
gradient in north direction (gy)

pgy −0.0163 0.0013 1 per km

software package R (see “http://www.r-project.org/”) wasused for finding the parameter values that
minimised the sum of squares of the residuals. Mass balance measurements from the mass balance
year 1990/1991 were not used in the calibration because of the effect of the eruption in Hekla in Jan-
uary 1991, which was mentioned in Section 2 about the mass balance data set. Also, measurements
from the two lowest locations on Sátujökull were omitted because the observations there are affected
by snow drift in a comparatively small area, as also mentioned in the section about the data set. The
calibrated parameter values determined from all the mass balance data with these two exceptions (a
total of 16 mass balance years) are given in Table 2. In addition to the optimised parameter values,
the table also gives the statistical uncertainty of the parameter calibration corresponding to the residual
variance,σ2

δb, as given by

σ2
p = tr((ATA)−1σ2

δb) , (7)

where thei-th component of the arrayσ2
p is the variance of thei-th model parameter,σ2

δb is the variance
of the mass balance residuals,A is the Jacobian of the non-linear least squares equations, and tr denotes
the diagonal elements of a matrix. The statistical uncertainty of the parameter estimates, as determined
from equation (7) and tabulated in Table 2, may underestimate the actual uncertainty because of sys-
tematic variations in the mass balance residuals as is further analysed in Section 7 about the stability
of the model calibration.

Figure 3 shows a comparison between the modeled and measuredwinter and summer mass balance.
The model explains more than 80% of the variance in the winterbalance data and over 95% of the
variance in the summer balance data, leavingσδbw

= 0.40 mw.e.a−1 andσδbs
= 0.42 mw.e.a−1 as the

RMS error (square root of the residual variance) for the winter and summer balance, respectively. The
RMS errors of the winter and summer balance are similar in magnitude so that the larger proportion
of the explained variance of the summer balance by the model is due to much larger year by year
variations in the summer balance compared with the winter balance (cf. Fig. 2). Some of the largest
deviations in Figure 3 are related to snow accumulation by snow drift into the lowest elevations near
the terminus of the Sátujökull outlet glacier (the highest points near the lower end on the winter balance
plot), which affects a comparatively small area, and an unusually high melting of snow due to tephra
from the 1991 Hekla eruption that was deposited over large areas on Hofsjökull (relatively low points
to the right on the summer balance plot). The corresponding data points from 1990/1991 and the lowest
elevations on Sátujökull were not used in the calibration and they are not used in the computation of
the explained variance or the RMS values reported above, butthese data are shown in Figures 2 and 3
for completeness.

Figures 4 and 5 show the simulated average specific net mass balance and annual precipitation for
1981–2000 on Hofsjökull based on monthly temperature and precipitation observations for Hveravellir
during the same period. The simulated mass balance distribution agrees well with the overall spatial
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Figure 3: Scatterplots of the modeled and measured winter (left) and summer (right) mass balance
1988–2004 including the mass balance year 1990/1991 and theobservations from the lowest elevations
on Sátujökull, which were not used in the model calibration.

distribution of the mass balance data, with an ELA below 1200m a.s.l. on the southern and southeastern
flanks of the ice cap rising to about 1300 m on the western and northwestern sides. A simulation of
the average mass balance during the same period based on daily temperature and precipitation from
Hveravellir gives almost identical results (within 0.15 mw.e.a−1) to the results obtained with monthly
values.

The simulated specific net balance averaged over the ice cap for the period 1981–2000 is close
to zero within 0.1 mw.e.a−1, which agrees well with the observation that the ice cap doesnot seem
to have been far out of equilibrium during these decades. Theaverage precipitation during the same
period reaches a maximum of 3.8 m a−1 in the southern and southeastern part of the summit area,
and the average precipitation for the whole ice cap for this period is 2.4 m a−1. Due to the northwest to
southeast precipitation gradient, the simulated, averageprecipitation in the southeastern ice flow basins
(basins 1 and 15–18 in Fig. 1) is about 2.6 m a−1, whereas it is about 2.0 m a−1 in 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 basins (cf. Fig. 1) is a powerful test of the
realism of the simulated mass balance distribution. As mentioned above, there are indications that the
ice cap has been comparatively close to equilibrium in the period 1981–2000. This does not only apply
to the whole ice cap, but also to the main ice flow basins, whichseem to have been close to equilibrium
individually during this period (the main exception being surges in parts of Þjórsárjökull in 1992 and
1994). A strong disequilibrium over an entire ice flow basin for many years may be expected to lead to
an advance or retreat of the corresponding part of the ice margin. Thus, widely different values of the
average net balance between the main ice flow basins over a period as long as 20 years may be expected
to lead to similarly different patterns in the variations ofthe ice margin on different sides of the ice cap.
One may, thus, assume that the geometry of the ice cap has adjusted to the long term average mass
balance distribution so that the specific net balance of the individual ice flow basins over a sufficiently
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Figure 4:Simulated average specific net mass balance of the Hofsjökull ice cap for the period 1981–
2000 in mw.e.a−1 (color image and thick blue contours). Thin black contours show the elevation on the
ice cap.
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Figure 5:Simulated average annual precipitation on the Hofsjökull ice cap for the period 1981–2000
in m a−1 (color image and thick blue contours). Thin black contours show the elevation on the ice cap.
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Table 3:Simulated average specific net mass balance for ice flow basins on the Hofsjökull ice cap for
the period 1981–2000. Figure 1 shows the division of the ice cap into ice flow basins.

Area Net balance
No. Ice flow basin

(km2) (mw.e.a−1)

1 Múlajökull 91 +0.12
2 Between Múlajökull and Blautukvíslarjökull 9 +0.34
3 Blautukvíslarjökull 73 −0.12
4 Between Blautukvíslarjökull and Blágnípujökull 15 +0.02
5 Blágnípujökull 52 +0.06
6 Blöndujökull 39 +0.42
7 Kvíslajökull 66 +0.24
8 Between Kvíslajökull and Sátujökull 26 +0.07
9 Sátujökull, western part 72 −0.12
10 Sátujökull, central part 53 −0.04
11 Sátujökull, eastern part 29 −0.15
12 Between Sátujökull and Illviðrajökull 31 +0.30
13 Illviðrajökull 51 +0.10
14 Miklafell, northern part 19 +0.49
15 Miklafell, southern part 18 +1.15
16 Þjórsárjökull, northern part 56 +0.24
17 Þjórsárjökull, southern part 180 −0.07
18 Between Þjórsárjökull and Múlajökull 10 −0.70

— Hofsjökull (whole ice cap) 890 0.07

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

Table 3 shows the simulated average specific net balance overthe 18 ice flow basins that are delin-
eated in Figure 1. The last line of the table shows, as mentioned above, that the average net balance
over the whole ice cap is close to zero. It should be noted in this connection, that the total mass bal-
ance over the whole ice cap in the period 1981–2000 is not considered in the model calibration at all.
Therefore, the result that the average balance during this period is not far from zero is an independent
verification that the mass balance model is not far off, although the average mass balance of the whole
ice cap during this 20 year period is of course not well known.The absolute magnitude of the net
balance in 14 of the 18 ice flow basins is less than 0.3 mw.e.a−1 and the mass balance in many of them
has a magnitude of about 0.1 mw.e.a−1 or less. In addition, 3 of the 4 remaining basins, with mass
balance greater than 0.3 mw.e.a−1 in magnitude, are smaller than about 20 km2 in area, so that small
errors in the delineation of ice divides may lead to comparatively large errors in the specific balance
there. The results tabulated in Table 3 provide an importantverification of the main assumptions that
underly the mass balance modeling,i.e. that the same degree-day coefficients for ice and snow may
be used for the whole ice cap, and that the main features in thedistribution of precipitation over the
ice cap are captured by the horizontal and vertical precipitation gradients. Furthermore, these results
support the extrapolation of observations, that are limited to only three of the many outlet glaciers, to
the rest of the ice cap (cf. Fig. 1).

The simulated distribution of precipitation over the ice cap is of course based on very simple as-
sumptions, which do not represent orographic processes in the generation of precipitation by air flow
over mountains. In particular, the vertical precipitationgradient is somewhat unrealistically assumed
to have the same effect at all locations at the same altitude,without any considerations about the up-
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stream or downstream mountainsides corresponding to the daily or the most frequent wind directions.
Although the analysis of the average specific mass balance within ice flow basins indicates that the
main features in the simulated mass balance distribution are realistic, there is an interesting pattern in
the modeled deviations from near zero mass balance. Two of the ice flow basins with a comparatively
large positive deviation from near zero mass balance in Table 3 are areas no. 6 and 14 (Blöndujökull,
and the northern part of Miklafell), where the modeled mass balance is about +0.5 mw.e.a−1 in both
cases. Ice flow basin no. 7 (Kvíslajökull) also has a relatively large area with a positive mass balance
of +0.24 mw.e.a−1. Those three basins are on the lee side of the ice cap in southeasterly winds, which
are the main wind directions that carry wet air masses towards the ice cap. It is possible that the simple
precipitation model simulates too much precipitation in these areas due to the fact that the effect of
a precipitation shadow on the lee side of mountains is not properly taken into account. The largest
positive mass balance in area no. 15 (southern part of Miklafell) cannot, however, be explained by this
effect, nor can the negative mass balance in area no. 18, which of course is very small. The positive
mass balance in areas 14–16 may indicate that the precipitation model simulates slightly too much
precipitation near the northeastern margin of the ice cap. It is possible that some of these systematic
deviations may be explained when a more realistic precipitation model, which is under development at
IMO, will be applied in the next phase of mass balance modeling of Hofsjökull.

7 Stability of the model calibration

The stability of the obtained parameters was investigated by redoing the calibration with subsets of the
data. The main calibration is based on data from 16 years, that is all data in the period 1988–2004,
except for the mass balance year 1990/1991 and the lowest locations on Sátujökull. The calibration
was carried out independently for the 8 first and 8 last years and for the 8 coldest and 8 warmest years
from the set of 16 years used in the main calibration. The meanannual temperature at Hveravellir for
the 8 warmest years was 1.2◦C higher than for the 8 coldest years, which corresponds to the expected
warming over 40–50 years according to typical scenarios forclimate change in the North Atlantic area
in the future (see later). The calibration was also carried out for the original raw stake data, which
has not been interpreted to yield mass balance as a unique function of elevation on each side of the
ice cap as described in Section 2 about the mass balance data set. Finally, the calibration was carried
out separately for the three outlet glaciers. In that case, the horizontal precipitation gradients,gx and
gy, were fixed at the values obtained in the main calibration because these parameters are not well
constrained by data from only one outlet glacier. Table 4 shows that the calibrated parameter values
are confined to comparatively narrow ranges and thus seem to be well constrained by the mass balance
measurements.

The error in the parameter estimates may be computed from equation (7), which yields the statisti-
cal uncertainty of the parameters,σp, on the assumption that the mass balance residuals are statistically
independent and all have the same varianceσ2

δb. Each parameter set from each calibration has its own
set ofσp values. These values are all similar for each parameter, except that the precipitation param-
eterspko andgrp are not well constrained for Sátujökull. The table only gives typical values forσp

corresponding to each parameter. The uncertainty of the precipitation parameters for Sátujökull is 2–5
times greater than theσp values given in the table. The mass balance residuals vary systematically
between years andσp may underestimate the error in the parameter estimates substantially. A better
measure of the uncertainty in the parameter estimates is given by the half range,∆p, which for each
parameter is computed from the actual range of the estimatedparameters for the different calibrations.
The∆pvalues in Table 4 are determined as half the difference between the maximum and the minimum
of the parameters corresponding to data sets that span the whole ice cap,i.e. the last three parameter
sets corresponding to individual outlet glaciers are not considered.

The degree-day coefficients,ddi anddds, are both confined to comparatively narrow ranges within
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Table 4:Model parameters estimated from subsets of the mass balancedata. Names of the parameters
and the corresponding symbols are given in Table 2. The two last lines give two different error estimates
for the parameters (see text). The half range,∆p, is computed from the first 6 parameter sets only.

ddi dds
Data (mmw.e. (mmw.e.

pko grp pgx pgy

◦C−1 d−1) ◦C−1 d−1)
(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

Sátujökull 6.63 5.14 0.731 0.414 — —
Blágnípujökull 7.96 5.36 1.158 0.206 — —
Þjórsárjökull 7.16 4.75 1.123 0.188 — —

Typical σp 0.1 0.1 0.04 0.015 0.002 0.002
Half range∆p 0.4 0.6 0.05 0.02 0.004 0.0045

about 10% of the values from the main calibration. The precipitation parameters are more uncertain
in a relative sense, but as they mostly specify terms that areadded together to compute the modeled
precipitation, the effect of this uncertainty on the modeled precipitation or mass balance is not greater
relatively than for the degree-day coefficients. The model parameters derived for each of the outlet
glaciers independently for the period 1988–2004 are also consistent with the parameters that are found
for the whole ice cap. The derived model parameters for the period 1988–2004 are in good agree-
ment with the parameters that were found previously for Sátujökull only, based on data from the much
shorter period 1988–1992 (Jóhannessonet al., 1995b), and for Blöndujökull/Kvíslajökull and Illviðra-
jökull for the same period (Jóhannessonet al., 1997). The degree-day factors for ice and snow are for
example all in the comparatively narrow ranges 5.0–8.0 mmw.e.

◦C−1 d−1 and 4.5–5.7 mmw.e.
◦C−1 d−1,

respectively, for all these previous cases and for all the calibrations in Table 4.

The RMS error (square root of the residual variance) corresponding to the main calibration is
σδb = 0.41 mw.e.a−1 (winter and summer residuals combined). A fairly stringenttest of the reliability
of the modeling is to compute the model error for a test periodwith a parameter set derived from a
separate calibration period, which does not include any data from the test period. This was done in
a checkerboard manner for the first/last and cool/warm data sets used in Table 4. The model derived
from the first 8 years of data was applied to the last 8 years andthe model corresponding to the last 8
years was applied to the first 8 years of data. In this manner, residuals were obtained for all 16 years,
but in both cases the models were only applied to data that hadnot been used in the corresponding
calibration. The RMS error for this experiment with first/last years wasσδb = 0.45 mw.e.a−1. Simi-
lar computations for the data sets from the cool/warm years also yieldedσδb = 0.45 mw.e.a−1. This
small difference between results with disjoint calibration/test periods compared with results for the
whole period indicates that the parameters are reliable andnot significantly affected by overfitting of
measurement errors.

A special study of the distribution of snowfall over the highest part of the glacier was carried out
as a part of the VVO project by measuring the thickness of the winter snow layer in May 2003 at 36
locations distributed over an area of about 40 km2 near the summit of the ice cap (Þorsteinssonet al.,
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Figure 6: Residual variance of mass balance models with different specification of precipitation and
melt parameters (see text for explanations). The level of detail of the models increases from left to right.
The models denoted by “g=0, i!=s” and “g!=0, i=s” both introduce one additional feature compared
with the model labeled “g=0, i=s” and are therefore plotted at the same location on the x-axis. The
original variance is computed from the deviations of the winter and summer mass balance from the
average winter or summer balance, respectively, for the whole data set. All models are run for the
same mass balance data from the period 1988–2004.

2003). The highest accumulation values were observed on thesouthern and southeastern part of the
summit, with lower values found towards the northwestern part of the study area. These results are in
general agreement with the simulated winter accumulation,but the northwest/southeast gradient in the
simulated snow accumulation near the summit is not as steep as indicated by the measurements.

8 Comparison of different model types

The importance of the different components of the mass balance model was investigated by evaluating
the performance of different model types with different specification of precipitation and melt parame-
ters. Figure 6 shows the residual variance ordered according to increasing realism of the mass balance
model. The original variance corresponds to the deviationsof the winter and summer mass balance
from the average winter or summer balance, respectively, for the whole data set (omitting the mass
balance year 1990/1991 and the lowest locations on Sátujökull as before). All the models shown in the
figure have a residual variance in the range 7–12% of the original residual variance. The first model
on the left, labeled “not optimised”, which has the highest residual variance, is a mass balance model
applied by de Woulet al. (2006), to the whole of Hofsjökull in a study of the importance of the firn
layer for the hydrology of the ice cap. This model includes potential radiation in the formulation of
a degree-day melt model (Hock, 1999), but is without horizontal precipitation gradients. It was cali-
brated manually, which explains to a large extent the comparatively poor performance compared with
the automatically calibrated models. The next four models are different setups of the MBT model. The
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model labeled “g=0, i=s” is without horizontal precipitation gradients and the degree-day coefficients
for ice and snow are assumed to be equal. This highly simplified model has a somewhat smaller resid-
ual variance than the model used by de Woulet al. The next two models add one additional aspect to the
mass balance formulation each, the model labeled “g=0, i!=s” has different degree-day coefficients for
ice and snow, and the model labeled “g!=0, i=s” has horizontal precipitation gradients. These models
have 20–25% lower residual variance than the model used by deWoul et al. The model labeled “g!=0,
i!=s” is the MBT model corresponding to the main calibration, which is described in sections 5–7 and
used to produce Figures 4 and 5. The model labeled “pot.rad”,which has a slightly lower residual vari-
ance than the MBT model corresponding to the main calibration, is the mass balance model of Hock
(1999) with potential radiation, but with horizontal precipitation gradients included, and calibrated by
the automatic calibration procedure, which was applied here for the MBT model (Thorsteinssonet al.,
2006).

As expected, the analysis shows that the use of different degree-day coefficients for ice and snow
leads to a substantial improvement in the model. This is alsoobvious from the optimised values ofddi
anddds in Table 2, which are quite different from each other. The improved performance provided by a
simple horizontal distribution of precipitation using linear gradients turns out to be even more important
and leads to a larger reduction in the residual variance evenwhen the degree-day coefficients for ice
and snow are assumed to be equal. Using both different degree-day coefficients for ice and snow,
and horizontal precipitation gradients, leads to a furtherdecrease in the residual variance. A more
complex degree-day melt model including potential radiation finally leads to a slightly lower residual
variance by about 2% compared with the main calibration of the MBT model, but this step is much
smaller than provided by the other incremental improvements. An important step in the reduction of
the residual variance appears to be careful model calibration. The main calibration of the MBT model
has 6 independent parameters and the model of Hock (1999) with horizontal precipitation gradients has
7 independent parameters that need to be determined. These parameters appear to be well constrained
by the measurements, which contain 1106 observations of winter and 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 Hofsjökull is to provide precipitation estimates
for the development of a map of precipitation in the Icelandic highland, which is also a task under
the umbrella of the CE/VO projects. Similar modeling for Langjökull and Vatnajökull is in progress
for the same purpose. This precipitation data set comes fromareas where there are few other precip-
itation measurements, but where precipitation estimates are important for many applications, such as
the design and operation of hydroelectric power plants. These data may also have unique advantages
for process studies of orographic precipitation because ofthe lack of other sources of precipitation
estimates with a good spatial coverage from mountainous terrain. Precipitation estimates based on
mass balance measurements in glaciated areas are also not affected by the undercatch of traditional
precipitation gauges, and they may provide a dense spatial coverage with a limited measurement effort
because the measurements are only carried out a few times a year. The results of this work will be
reported in other reports and publications of the CE/VO projects, but here we will describe briefly how
mass balance modeling was used to derive accumulated, seasonal precipitation estimates.

Raw mass balance measurements at stake locations or at the assumed locations of the interpreted
mass balance data, are not suitable as precipitation estimates, because a part of the precipitation falls
as rain, and because there is significant ablation even at thehighest altitudes on the main Icelandic ice
caps. However, the mass balance measurements, in particular the winter balance measurements, may
provide very good estimates of accumulated precipitation if they are corrected for the proportion of
the precipitation that fell as rain and for the ablation thatoccurred over the appropriate time period. In
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most winters, there is little ablation in most of the accumulation area and most of the rain that falls is
retained in the snow pack. Rain may, however, fall on the lowest part of the accumulation area and
on most of the ablation area at any time of the year on the Icelandic ice caps, and ablation may also
often be significant during the winter. It is, therefore, notsuitable to assume that a certain subset of the
uncorrected mass balance measurements, such as winter balance above a certain altitude, are useful as
precipitation estimates.

The results of the mass balance simulations are affected by errors in both the simulated precipita-
tion or snow accumulation, and also by errors in the simulated melting. Since the proportion of the
precipitation corresponding to the snow accumulation is directly measured, it is possible to use this
component directly, as it is measured in the field, and use themass balance simulation only to estimate
the melting and how much precipitation fell as rain. The MBT model can be run in a special mode to
back-calculate precipitation in this manner, as mentionedin Section 4. This is implemented by fitting a
separate precipitation correction for each stake and for each season so that the measured mass balance
is exactly reproduced (see a more detailed description in the Appendix in the documentation of the-f
model option). This procedure takes systematic errors in the precipitation model into account to a good
approximation, especially if the ablation and rain are a small fraction of the precipitation, so that the
model is only used to estimate a relatively small component of the total.

Errors in the simulated precipitation may be substantial inany individual year, although they are
small as a long term average for a well calibrated model. In some areas of the ice cap, which are in a
precipitation shadow (see discussion of this problem in Section 6), the precipitation model may also be
systematically biased and it is important that such biases are not propagated into a precipitation data
set that is used for further modeling or validation of other more elaborate precipitation models. The
back-calculation procedure bypasses most of the flaws in theprecipitation modeling in MBT, which is
based on drastic simplifications using vertical and horizontal precipitation gradients.

Precipitation estimates obtained from glacier mass balance data are affected to some degree by
snow drift. In most cases, stake locations have been chosen so that they are representative for large
areas. Exposed ridges or depressions are, therefore, in general avoided as stake locations, but snow
drift will, nevertheless, affect the observations to some degree. At a few locations, stakes are known
to be severely affected by snow drift. Data from such locations have been omitted from the analysis
as described in the previous sections. The mass balance datafrom most stake locations on Hofsjökull,
which are used here, are believed to be representative for comparatively large areas on the ice cap and
not substantially affected by snow drift. The error due to snow drift is, however, difficult to estimate
quantitatively and it must be borne in mind when the back-calculated precipitation estimates are used.

Precipitation estimates obtained from glacier mass balance data are not directly comparable to
traditional precipitation measurements at meteorological stations due to evaporation, in addition to
problems due to snow drift and gauge losses, which were mentioned before. Traditional precipitation
measurements are to some degree affected by evaporation from the gauges themselves from the time
of precipitation to the emptying of the gauge. This effect ispoorly know, but it has been estimated
to be in range 2–7% of the measured precipitation on average for the type of gauges that are used in
Iceland (Sigurðsson, 1990). The lower end of the range applies to stations with a high precipitation and
the higher end of the range corresponds to comparatively drystations. Evaporation or condensation
from the surface of the glacier does, however, occur on everyday of the year, whether it is wet or dry,
whereas, the effect of evaporation on precipitation measurements from gauges only occurs on wet days
(because the gauge is empty on dry days). Evaporation/condensation from the surface of glaciers in
Iceland is not well known, but it has been estimated based on data from meteorological stations that
were operated on Breiðamerkurjökull in S-Vatnajökull during the summer 1996 (Obleitner, 2000), and
simulated by energy balance modeling (Sverrir Guðmundsson, personal communication 2006). These
results indicate that evaporation dominates condensationfor snow covered areas on average, whereas
condensation is more important than evaporation from ice covered surfaces. The net result over the
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summer for a meteorological station at 715 m a.s.l. near the equilibrium line on Breiðamerkurjökull in
1996 was about 20 mm of evaporation. Higher values in absolute magnitude may be expected at the
lowest and highest altitudes on the glaciers. In general, one may, however, assume that total evaporation
or condensation on the glaciers is much smaller in the annualaverage than the total precipitation, which
tends to be larger on the glaciers than the average for the whole country.

In order to ensure that the simulated component of the precipitation is a sufficiently small part
of the total, the model is only used to back-calculate precipitation when the corresponding seasonal
mass balance is greater than zero,i.e. when the total melting is not greater than the total snowfall.
This means that most winter balance measurements and some summer balance measurements from
the highest altitudes in comparatively cold years may be used to provide back-calculated precipitation
estimates. The interpreted mass balance data set for Hofsjökull from 1988–2004 contains a total of
1270 seasonal mass balance measurements, including the mass balance year 1990/1991 and the lowest
locations on Sátujökull, which were omitted from the model calibration. Of those, 777 observations
have been used to back-calculate precipitation, when the observations corresponding to negative mass
balance values and the lowest locations on Sátujökull have been omitted. The mass balance from the
year 1990/1991 was used to back-calculate precipitation asthe tephra from the Hekla eruption did not
affect the winter balance to a large degree, so that the data should be useful for this purpose.

10 The climate scenario

The climate change scenario of the CWE project, “The Climate, Water and Energy—Nordic climate
scenario” (abbreviated CWE-NCS), is described by Rummukainenet al. (2003) and Räisänen (2003),
and further GCM downscaling results for the Nordic countries are discussed by Räisänenet al. (2004).
The scenario provides a projection of climate change in the Nordic countries for the period from 1990
to 2050 corresponding to the IPCC SRES B2 emission scenario (IPCC, 2001; Nakicenovic and Swart,
2000; Leggettet al., 1992). The scenario is the average of scaled grids of mean monthly projections
of four regional climate models over the North Atlantic and the neighbouring continental areas (the
Swedish RCA-H and RCA-E models, and the Danish and NorwegianHIRHAM RCM models, see
Rummukainenet al.(2003) for references describing these models). The RCM simulations use bound-
ary conditions from global, transient climate change simulations by the ECHAM4/OPYC3 (Roeckner
et al., 1999) and HadCM2 (Johnset al., 1997) coupled OAGCM models.

The four RCM simulations correspond to different time horizons and different scenarios of future
anthropogenic forcing. Before averaging, the RCM model results were harmonised with respect to time
horizon and emission scenario to correspond to the SRES B2 emission scenario by a scaling procedure
described by Rummukainenet al.(2003) and Christensenet al.(2001). The domain of one of the RCM
models (the Danish HIRHAM model) does not include Iceland. Therefore, the CWE-NCS scenario for
Iceland used here is the average of the remaining three RCM simulations, rather than all four as for the
Scandinavian continental area.

Figures 7 and 8 show the yearly mean temperature and relativeprecipitation change (%) specified
by the composite CWE-NCS scenario. It is seen that the projected temperature change varies strongly
over the North Atlantic Ocean so that Iceland is situated in asteep gradient in the warming between a
local minimum south and east of Greenland to a maximum between northern Norway and Greenland.
This relative minimum is a common feature of many, but not all, coupled global and regional climate
model simulations in this area (IPCC, 2001, Räisänenet al., 2004). It is poosibly related to a projected
weakening in the thermohaline circulation, which is associated with a reduced rate of deep water
formation in the northern North Atlantic Ocean (cf. IPCC, 2001). A similar local minimum in the
projected warming is seen in the raw output of the coupled OAGCM models.

For comparison, Figures 9 and 10 show the mean temperature change and the mean relative
precipitation change computed from 5 OAGCM models forced with the B2 emission scenario (data
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Figure 7: The CWE-NCS temperature change scenario, 1990–2050. Symbols on and near Iceland
show grid locations used to compute the average shown in Fig.11.

24



 120 o
W

 

  60
o W 

   
0

o   

  60 o
E 

 120
oE 

 1
80

o W
 

  40oN 

  50 o
N 

  60 oN
 

  7
0

o N
   80oN 

RDP (%), 2050 − 1990

CWE composite

scenario

5

10

5

10

5 0
10

5

−20

−10

0

10

20

30

40

Figure 8:The CWE-NCS relative precipitation change scenario (%), 1990–2050. Symbols on and near
Iceland show grid locations used to compute the average shown in Fig. 11.
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Figure 9:The five ACIA model average projected temperature change from 1981–2000 to 2071–2090.
Symbols on and near Iceland show grid locations used to compute the average shown in Fig. 12.

obtained from the IPCC data distribution centre, “http://ipcc-ddc.cru.uea.ac.uk”;GFDL: 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 in theArctic Climate Impact Assessment(ACIA,
“http://www.acia.uaf.edu”).

There are many details that need to be considered when a scenario is applied to a particular location
in hydrological or glaciological modeling. In spite of being long term averages over 8–20 year periods,
the monthly data in Figures 7 and 8 contain statistical fluctuations and they need to be further averaged
before they are applied in impact modeling (Rummukainenet al., 2003; Räisänen, 2003). Figure 11
shows the projected seasonality of the temperature and precipitation change near Iceland as given by
the average over the grid points shown in Figures 7 and 8. Similar results are obtained directly from raw
OAGCM model output as seen in Figure 12, which shows the projected seasonality of the temperature
and precipitation change for the 5 ACIA models (both the 5 model average and the individual models)
near Iceland as given by the average over the grid points shown in Figures 9 and 10.

There are some fluctuations in the monthly CWE-NCS temperature signal averaged over Iceland,
and especially in the precipitation signal (Figure 11), that appear to be caused by natural variability
rather than being a climate change signal. This indicates that the monthly values averaged over the
area near Iceland shown in Figure 11 are still too much influenced by natural variability to be used
directly in impact analyses and need to be smoothed to extract a climate change signal suitable for use
in the glacier modeling (cf. Rummukainenet al., 2003).

In order to provide for more smoothing in the temperature change signal, the monthly values shown
in Figure 11 were replaced by a least squares sinusoidal variation through the year. The minimum
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Figure 10:The five ACIA model average projected relative precipitation change (%) from 1981–2000
to 2071–2090. Symbols on and near Iceland show grid locations used to compute the average shown
in Fig. 12.
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Figure 11:The monthly CWE-NCS temperature (left) and precipitation (right) change scenarios near
Iceland (average over the area shown in Figs. 7 and 8), 1990–2050. The temperature figure also shows
the 1990–2050 temperature change scaled by 1/0.6 which is intended to represent the temperature
change from 1981–2000 to 2081–2100 corresponding to the CWE-NCS scenario. The precipitation
figure shows the relative precipitation change divided by the change in temperature. Dotted curves
show the CWE-NCS scenarios that were used in mass balance modeling of glaciers in Iceland. The
dashed curve shows the older CCEP temperature scenario (over a period of 100 years).
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Figure 12:The monthly average temperature (left) and precipitation (right) change near Iceland for
the 5 ACIA OACGM models (average over the area shown in Figs. 9and 10), from 1981–2000 to
2071–2090. The precipitation figure shows the relative precipitation change divided by the change in
temperature. Note that large relative changes in precipitation per degree of temperature change may
result from low monthly temperature changes that may arise from statistical fluctuations caused by
natural climate variability. This may partly be the reason for the high values of theHadcurve during
May and July. Dotted curves show the CWE-NCS scenarios that were used in mass balance modeling
of glaciers in Iceland (changes over a time period of 90 yearsto be consistent with the model output).
The dashed curve shows the older CCEP temperature scenario (also changes over 90 years).

warming shown in Figure 11 occurs rather late in the summer, considerably later than for the 5 ACIA
models shown in Figure 12. This appears to be caused by a comparatively low monthly value for the
projected warming in October that is likely to be caused by a statistical fluctuation. Figure 13 shows the
observed seasonal variation of temperature at the meteorological station at Hveravellir in the Icelandic
highland in the period 1987–2003. It is seen that the temperature reaches a maximum in late July,
about one month earlier than the minimum in the temperature signal in Figure 11. It appears likely that
the seasonality of the temperature change will reduce the amplitude of the seasonal variation of the
temperature within the year, rather than change its phase. Therefore, it was decided to use the phase of
the observed seasonal temperature variation at Hveravellir in the temperature scenario rather than the
phase of the simulated temperature variation shown in Figure 11. The temperature scenario thereby
specifies a warming varying from a winter maximum of +0.3◦C per decade in late January and to a
summer minimum of +0.15◦C per decade in late July with a sinusoidal variation betweenthese values
(dotted curve in Figure 11).

The monthly fluctuations in the CWE-NCS relative precipitation change in Figure 11 appear with-
out a clear climate change signal and they are quite inconsistent between the different RCM models
(cf. Figures 2 and 4 in Rummukainenet al., 2003). The precipitation change was, therefore, simplified
to a constant relative change of 5% per degree of warming independent of season.

The seasonal temperature and precipitation changes from the 5 ACIA OAGCM models near Iceland
(cf.Fig. 12) show a large inter-model scatter, especially for the precipitation change. The 5 model mean
temperature change shows a similar seasonal variation as the CWE-NCS temperature change (Fig. 11,
left), except that the minimum warming appears early in the summer in most of the ACIA models but
rather late in the summer according to the CWE-NCS compositescenario data. The seasonal variation
in the 5 model mean relative precipitation change per degreeof warming bears little resemblance to
the corresponding CWE-NCS variation (Fig. 11, right). Thissupports the decision to use a constant
relative precipitation change per degree of warming independent 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. The composite CWE-NCS scenario is
intended to show change with respect to the year 1990. Here itis assumed that this means change with
respect to an average climate of the period 1981–2000. Many glaciers in Iceland seem to have been
roughly in equilibrium in the period 1981–2000, advancing alitte during the early part of the period
and retreating near the end of the period. This period is, thus, a convenient reference period for mass
balance modeling studies because one would expect the average mass balance of many non-surging
glaciers in this period to have been near zero.

The CWE-NCS climate scenario projects rather low temperature increase for Iceland, compared
with neighbouring areas, especially during the summer. This is due to the local minimum in the warm-
ing in the North Atlantic Ocean that is simulated by some coupled OAGCMs as discussed above. The
observed warming in Iceland in the last two to three decades has not been characterised by much lower
warming during the summer compared with the winter as further described in the next section, in fact
the summer warming is quite similar to the mean annual warming for the meteorological station at
Hveravellir. It is the magnitude of the summer warming that is most important for changes in glacier
mass balance due to climate changes, and to a lesser degree the spring and autumn warming. Therefore,
it is important to consider the question of the seasonality of the temperature change in some detail. The
possible future reduction in the strength of the thermohaline circulation in the North Atlantic Ocean
projected by some coupled OAGCMs must be considered highly uncertain and this presents a ma-
jor problem for hydrological and glaciological modeling ofthe consequences of climate warming in
Iceland.

In view of these circumstances, the climate change scenariofrom the previous Nordic project,
Climate Change and Energy Production (CCEP) (Sælthunet al., 1998; Jóhannessonet al., 1995a) was
also used in the mass balance and dynamic modeling of Hofsjökull (the results of the dynamic modeling
are described in Jóhannessonet al., 2004). This scenario, which is shown as dashed curves in Figures
11 and 12, prescribes a yearly mean warming of 0.3◦C per decade, varying from a winter maximum of
+0.35◦C per decade to a summer minimum of +0.25◦C per decade, and a relative precipitation change
of 5% per degree of warming independent of the season as in theCWE-NCS scenario. This warming
is closer to the projected warming in other ocean areas on a similar latitude as Iceland, although not as
high as in Scandinavia or other continental areas in this latitude range.
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Figure 14:Annual mean temperature in Reykjavík, 1866–2004. The thin solid curve shows an expo-
nentially weighted running average with a 10 year time window. The dashed line segments show linear
least squares fits to the annual data in the four time windows specified by the figure labels.

The use of the climate change scenario from the previous CCEPstudy serves the purpose to in-
vestigate the consequences of climate changes in case the strength of the thermohaline circulation in
the North Atlantic Ocean is not reduced as much as projected by some coupled OAGCMs. It also
provides a direct comparison with the results of the previous study. Both these scenarios were em-
ployed with and without specifying the precipitation change, that is, the mass balance model was, in
addition to the full scenario, also run for a case where only the temperature was changed and not the
precipitation. This was done in order to investigate the relative importance of the temperature and
precipitation changes, and also because local precipitation changes must be considered more uncertain
than temperature changes as can be clearly seen from a comparison of Figures 7 and 8.

11 Observed temperature changes in Iceland

There is large uncertainty about the seasonality of future temperature changes in Iceland as discussed
in the previous section. Measured changes in temperature inReykjavík, southwestern Iceland, since
1866 and at the meteorological stations Hveravellir, in thecentral Icelandic highland, Nautabú, cen-
tral northern Iceland, Kirkjubæjarklaustur, central southern Iceland, and Fagurhólsmýri, southeastern
Iceland, since 1981, were analysed to shed some light on thisquestion. Figure 14 shows annual mean
temperature in Reykjavík between 1866 and 2004 (data from the Icelandic Meteorological Office). The
figure shows a generally warming trend since the last two decades of the 19th century with the largest
rate of warming in the two periods 1920–1940 and 1980–2004. The total warming in Reykjavík over
the period since the 1880s is about 1◦C, which is similar or somewhat larger than the observed global
average warming of 0.4–0.8◦C since the late 19th century (IPCC, 2001). The warming since the last
two decades of the 19th century or the early 20th century at other Icelandic weather stations is similar
as in Reykjavík. The warming in Iceland, thus, does not seem to be lower than the global average
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Figure 15: Average change per decade in the annual and seasonal mean temperature in Reykjavík for
the four time periods that are shown as dashed line segments in Fig. 14. The rate of warming in each
time period is determined as the slope of a linear least squares fit to the annual data.

according to these data.
Figure 15 shows the rate of warming per decade in Reykjavík for the annual mean temperature

and for the seasonal mean temperature in DJF, MAM, JJA and SONwithin the four time windows
1881–2004, 1881–1940, 1916–1940 and 1981–2004 that are shown as dashed lines in Figure 14. The
time windows were chosen so that, in addition to the entire period 1881–2004, and the shorter period
1881–1940, they cover the two main periods of rapid warming since 1881. The periods where defined
so that they don’t start or end at the most extreme years, suchas 1919 or 1979, in order not to be
too much affected by anad hocchoice of the end points. Thus, the 25-year long period 1916–1940
starts in the cold years before the onset of the rapid warmingof the 1920s and ends somewhat after
the rate of warming started to decline. Similarly, the 24-year long period 1981–2004 starts near the
coldest temperatures in the cool period 1975–1985, but after the extremely cold year 1979. The rates
of warming shown by the bars in the lower two panels in Figure 15 should, therefore, reflect a “typical”
rate of warming within these periods rather than a maximum rate of warming that can be achieved by
artificial twisting of the beginning and end of the time windows.

The bar plots in Figure 15 show that the rate of rapid warming during the periods 1916–1940 and
1981–2004 is similar, that is about 0.7◦C per decade in the annual mean. This is 5–10 times more
rapid than the average rate of warming during the entire period 1881–2004. The seasonal variation
of the warming is different in the different time windows. The two earlier periods starting in the late
19th century show the highest warming in winter and the lowest warming during the summer or fall
seasons. The period 1916–1940 also has the lowest warming during summer, but the highest warming
occurs during the spring and fall. The most recent period, 1981–2004, has the most rapid warming in
the fall, but the rate of warming in the other seasons is similar.

Figure 16 shows the annual and seasonal rates of warming per decade for the period 1981–2004 for
four weather stations from different regions in Iceland that have all been used for glacier mass balance
modeling and Figure 17 shows the average of the annual and seasonal warming rates for all five weather
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Figure 16:Average change per decade in the annual and seasonal mean temperature at four meteoro-
logical stations for the period 1981–2004.

stations during this period. The highest warming rate occurs in the fall at all five stations, but the lowest
warming occurs in different seasons at the different stations. In Reykjavík, the warming is similar in
the winter, spring and summer seasons. Nautabú, Kirkjubæjarklaustur and Fagurhólsmýri have the
lowest warming in the summer, whereas Hveravellir has the lowest warming in the winter. Both the
individual station data and the average of the five stations show a lower summer warming during 1981–
2004 compared with the annual mean, although the differenceis very small for Hveravellir. Thus, the
seasonal variation of the warming is rather different in thedifferent time windows and at the different
stations shown in figures 15, 16 and 17, and it is not similar tothe seasonality of the CWE-NCS scenario
in the most recent time period. The summer warming at Hveravellir, which is close to Hofsjökull, is in
fact quite similar to the annual mean warming.

According to the CWE-NCS climate scenario for Iceland, which is described in the previous sec-
tion, the projected warming reaches a minimum during mid summer. The summer warming is only half
of the maximum warming, which is assumed to take place duringmid winter. This assumed seasonality
implies the smallest possible effect on glacier ablation for a given value of the annual warming because
the ablation is primarily sensitive to changes in temperature during late spring, summer and early fall.
The assumed seasonality of the CWE-NCS scenario for Icelandis based on model results that seem
to indicate the lowest rate of warming during late summer or fall (cf. Fig. 11), whereas observations
of recent warming in Iceland show the most rapid warming in the fall season (cf. Figs. 16 and 17).
Although it is not possible to draw firm conclusions regarding future climate warming in Iceland based
on past trends in station data over a few decades, it seems worthwhile to consider additional scenarios
with a less pronounced seasonality in addition to the CWE-NCS scenario. As described in the previous
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Figure 17:Average change per decade in the annual and seasonal mean temperature for the period
1981–2004, the average for the meteorological stations at Reykjavík, Hveravellir, Nautabú, Kirkjubæj-
arklaustur and Fagurhólsmýri.
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section, it was decided to use the climate change scenario from the previous CCEP climate change
project (Sælthunet al., 1998; Jóhannessonet al., 1995a) for this purpose. This older scenario has a
slightly higher projected rate of annual warming compared with 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 climatechange requires the use of a mass balance
model coupled to a dynamic model. The results of such modeling with the MBT mass balance model
coupled to the dynamic ice flow model of Aðalgeirsdóttir (2003) are presented in Jóhannessonet al.
(2004) and a more detailed description of such results for both Hofsjökull and southern Vatnajökull
is in preparation as a part of the reporting of results obtained within the CWE project. In this and
the following sections, we will compute the change in mass balance and runoff resulting from a step
change in temperature and precipitation without considering changes in the geometry or extent of the
ice cap. The validity of this analysis is limited to the near future, say a few decades from now, when
the effect of changes in the geometry of the ice cap on the massbalance may be ignored.

A map of the simulated change in mass balance is shown in Figure 18 for a mean annual warming
of 1◦C with respect to the 1981–2000 baseline period with a seasonality according to the CWE-NCS
scenario and a 5% increase in precipitation. As evident fromFigure 14, there has already been con-
siderable warming since the period 1981–2000, perhaps on the order of half a degree C, or even more
depending on how one interprets the warming trend after 2000. The simulated mass balance change
shown in Figure 18 thus corresponds to the expected situation in about two decades, when warming
according to the CWE-NCS scenario has added about 0.5◦C to the warming that has already occurred
now with respect to the 1981–2000 baseline. This period is soshort that one may safely ignore changes
in the geometry of the ice cap to a first approximation in an analysis of mass balance changes.

Figure 18 shows that the mass balance change is very unevenlydistributed over the ice cap. It
is concentrated at the lowest elevations near the ice marginwhere it comes close to−1 mw.e.a−1, but
reaches a minimum in absolute value near the summit where it is below 0.1 mw.e.a−1 in absolute value.
This distribution is mainly caused by a much longer melt season at the lowest elevations, but the higher
degree-day coefficient for ice compared to snow and the greater importance of refreezing and retention
of liquid water in the snow pack at the highest elevations contribute to this pattern too. A notable
feature in Figure 18 is the steep increase in (the absolute value of) the mass balance change near the
equilibrium line, which is caused by the transition betweenthe accumulation and ablation areas of the
ice cap. The irregular variation of the mass balance change near the equilibrium line, which is also
evident in Figure 18, is due to the formulation of the degree-day coefficient for a thin layer of snow
as a weighted average of the coefficient values for snow and ice. There is little physical basis for
the particular implementation of this weighting used in theMBT model, so this feature in the spatial
distribution of the mass balance change is not a valid model prediction.

13 Static sensitivity of mass balance to climate changes

The sensitivity of the mass balance of glaciers and ice caps to climate changes is an important concept
for estimating future global sea level rise that may occur asa consequence of climate warming as
mentioned in the Introduction. It is also important as a general measure of the hydrological effect of
the changes in the mass balance of glaciated areas due to climate changes. Thestatic sensitivityis
defined as the ratio of the change of the specific mass balance of the glacier to the magnitude of a small
temperature change

Ss =
∆B
∆T

. (8)
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Figure 18:Simulated change in the specific net mass balance of Hofsjökull in mw.e.a−1 (color image
and thick blue contours) for a mean annual warming of 1◦C with a seasonality according to the CWE-
NCS scenario and a 5% increase in precipitation per degree ofwarming (cf. 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 Hofsjökull (mw.e.a−1 ◦C−1) for an annual average
warming of 1◦C with seasonality according to the CWE-NCS and CCEP temperature scenarios with
and without a 5% precipitation increase per degree of warming.

CWE-NCS CWE-NCS CCEP CCEP
∆P=0 ∆P=5% ∆P=0 ∆P=5%

−0.57 −0.45 −0.67 −0.55

It does not take time-dependent changes in the geometry of the glacier into account. Although the static
sensitivity is defined with respect to a small uniform changein temperature it is useful to compute the
change in specific mass balance as a consequence of a finite temperature change, which may vary
through the year with and without an accompanying precipitation increase as was done in the previous
section when the mass balance change corresponding to a 1◦C warming was computed. The mass
balance sensitivity of Hofsjökull for a warming of 1◦C with a seasonality and relative precipitation
increase as specified in the four climate scenarios described above is given in Table 5. The sensitivity
values in the table are almost the same (within two units in the last digit) as given in Jóhannessonet
al. (2004), which were based on a model calibration with mass balance data up to the mass balance
year 2002/2003. The sensitivity corresponding to the CWE-NCS scenario with∆P=5% is simply the
average over the whole ice cap of the mass balance change shown in Figure 18.

The static sensitivity in Table 5 is similar to previous sensitivity estimates reported by Jóhannesson
(1997) for parts of Hofsjökull. It is, however, much lower (in absolute value) than the sensitivity found
for Blágnípujökull, Þjórsárjökull and Sátujökull by de Woul and Hock (2006) for a warming of 1◦C
and no precipitation increase. They estimated sensitivities in the range−0.8 to−1.3 mw.e.a−1 ◦C−1

for these outlet glaciers of Hofsjökull. They assumed a uniform warming within the year, which leads
to somewhat higher sensitivity compared with the values computed here corresponding to a sinusoidal
seasonal temperature variation with the largest warming during winter. In spite of this, the large dif-
ference between their results and the values in Table 5 indicates that something in their simplified
approach to mass balance modeling for a large number of glaciers, where average summer and win-
ter balance is computed based on conditions near the ELA, leads to a larger sensitivity than would
be found with a more detailed model for the whole elevation range of the glacier. In particular, the
sensitivity−1.3 mw.e.a−1 ◦C−1, which was obtained for Sátujökull by de Woul and Hock, is hard to
reconcile with the results obtained here with the MBT model.In this connection, it may be noted
that the mass balance model of Hock (1999), with potential radiation and horizontal precipitation gra-
dients, which was mentioned in Section 8, gives results for Hofsjökull that are in good agreements
with results obtained here with the MBT model (Thorsteinsson et al., 2006). De Woulet al. (2006)
also computed the static sensitivity of the whole Hofsjökull ice cap using the mass balance model of
Hock (1999), but without horizontal precipitation gradients. They obtained−0.95 mw.e.a−1 ◦C−1 for a
uniform temperature increase within the year without a precipitation change. This is somewhat higher
than the values corresponding to the CWE-NCS and CCEP scenarios with ∆P = 0 that are obtained
here and given in Table 5, indicating that the assumed seasonality of 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 substantial increase in glacier runoff as seen
in Figure 19, which shows monthly average runoff from the whole ice cap for the baseline period, and
corresponding to a warming of 1◦C, with temperature seasonality and precipitation change according
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Figure 19:Simulated monthly average runoff from Hofsjökull for the 1981–2000 baseline period and
for a warming of 1◦C with seasonality according to the CWE-NCS and CCEP temperature scenarios
with and without a 5% precipitation increase per degree of warming.

to the four scenarios described above. Only changes in monthly average runoff from the ice surface
are considered here and not changes in diurnal runoff characteristics, which may also be important,
or routing through firn, basal and groundwater reservoirs, which affects the runoff as it appears in
glacial rivers that issue from the ice cap. The runoff changeincludes a contribution from the change in
precipitation on the glacier due to the precipitation change specified 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 a maximum in the middle of the summer,
with a somewhat larger increase for the CCEP scenarios compared with the CWE-NCS scenarios as
expected, due to a larger summer warming relative to the annual average in the CCEP scenarios. The
largest relative changes in the period May to October, when there is runoff to speak of from the ice cap,
occur in May and October, when the runoff increases by about afactor of two. The average annual
runoff change resulting from a warming of 1◦C is according to these results in the range 0.6–0.7 m a−1,
which is approximately 25% of the current annual average runoff from the ice cap.

The runoff change simulated in this way does not take the dynamic lowering of the ice surface with
time into account as mentioned previously. Dynamical modeling with the mass balance model cali-
brated with data up to the mass balance year 2002/2003, wherethis effect is taken into account, does,
however, lead to very similar results at the point in time when the warming reaches 1◦C (Jóhannesson
et al., 2004), indicating that this effect is not very important until after that.

15 Discussion

The results of the mass balance modeling of Hofsjökull with 16 years of data from the period 1988
to 2004 are in good agreement with the previous results of Jóhannessonet al. (1995b). The previous
results were found from mass balance modeling of the northern part of the ice cap only and with only
four years of data from the period 1988 to 1992. The model calibration derived here was tested by
repeated calibration using subsets of the data and found to be relatively stable. This indicates that the
results are robust against various details in the formulation and calibration of the mass balance model.
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The modeling explains over 80% and 95% of the variance in the winter and summer balance data,
respectively. This makes it possible to extrapolate the observations in space and time with some confi-
dence, both to unmeasured parts of the ice cap and also to timeperiods that start before the measure-
ments. The modeling, furthermore, makes it possible to interpret and analyse unmeasured or partly
measured components of the mass balance, including the total precipitation on the ice cap, which
opens up new possibilities to use the data in meteorologicalapplications.

The meteorological conditions on Hofsjökull and the other main ice caps in Iceland span a large
range of temperature and precipitation due to the large altitude range, which is on the order of 1000 m.
Climate conditions in the near future are likely to remain within the already observed range on the
glaciers to some approximation, unless the climate changesare so large or rapid that the climate of
the region changes in a fundamental way. Thus, parameter values, determined from mass balance
observations for the current climate, may be expected to be meaningful for climate change studies to
some approximation. Therefore, the results of the modelingof mass balance changes due to possible
future climate change, including estimates of the sensitivity of the mass balance to warming, may be
expected to be robust.

There is some systematic structure in the mass balance residuals from individual years. The winter
balance appears in some cases to have a spatial distribution, which is not captured by the simple
precipitation model. This may be due to changes between years in the relative frequency of wind
directions that bring precipitation to the ice cap. This could be improved by using a better, physically
based precipitation model, based on more detailed meteorological information about the state of the
atmosphere over Iceland, for example ERA40 reanalysis data. Systematic errors in the summer balance
may be caused by a dependency of the ablation on wind conditions (Guðmundssonet al., 2003), which
is not captured by a simple degree-day model. At the moment itseems most fruitful to improve the
precipitation model first and to analyse the residuals that remain 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 glaciers (v. 2)

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

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 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,r,nr,nv,fd,ld,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
tmbt is a program that computes the mass balance of a temperate glacier as a function of altitude.The pro-
gram uses the subroutinembt for the mass balance computations.mbt can be called by other programs that
need to compute glacier mass balance,e.g. dynamic glacier models. The subroutinesimbt and rmbt are
used in conjunction withmbt for parameter initialisation and parameter printing, respectively. The subrou-
tine wcorr performs wind correction on measured precipitation. The subroutinesmassbxyztand imass-
bxyztprovide a calling interface tombt that is suitable for initialisation and repeated calling from within a
2D dynamic glacier model.They 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 computations.Temperature and precipitation on the glacier are computed us-
ing constant temperature and precipitation gradients with altitude, and, optionally, linear horizontal precipi-
tation gradients. Melting of snow and ice is computed from positive degree-daysPDD with different de-
gree-day factors for snow and ice. The model can use daily, monthly or yearly precipitation or a snow ac-
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 fluctuations.The model may also
be used to fit a least squares sinusoidal function to a record of daily or monthly temperature values, in
which case the degree-day computations will be based on this least squares sinusoidal function. The pre-
cipitation is assumed to fall as snow if the temperature at the altitude in question is below a specified
threshold. Ifthe temperature is given as monthly mean values or specified as a sinusoidal function, the de-
gree-day computations and the determination of the fraction of the precipitation that falls as snow are based
on an assumed statistical distribution of the temperature deviation from the monthly mean values or from
the assumed sinusoidal function, respectively. A wind correction with separate correction factors for rain
and snow, may be applied to the precipitation before it is used in the mass balance computations.Refreez-
ing of melt water and wetting of the snow by melt or rain water are computed as a specified fraction of the
remaining snow.

The subroutinembt can compute the mass balance over a specifiedinterval within the mass balance year in
addition to computing the mass balance of a whole mass balance year. The interval is given in days or
months depending on the temperature specification. This feature is used in the programtmbt to compute
the distribution of the mass balance components within the mass balance year if requested. This can, for
example, be useful for investigating how climatic changes affect the distribution of glacier ablation (or
runoff f rom 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 snow thickness and liquid water content of the snow
(see below in the sectionCALLING OF MBT). Both the initial snow thickness and the snow accumulated
during each model run are included in the computations of the liquid water content of the snow (see below).
mbt can therefore compute the mass balance of a given time interval (equal to or shorter than the mass bal-
ance year) without considering the previous mass balance history explicitly. Except when the accumulation
is directly specified, the programtmbt initialises the snow thickness at the beginning of the mass balance
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year by making a preliminary call tombt with zero snow thickness and liquid water content. The initial
snow thickness in the actual mass balance computation is put equal to the snow thickness found in this pre-
liminary integration up to a maximum of 0.5m water equivalent. Whenthe accumulation is given directly,
the initial snow depth is put equal to the specified accumulation and the precipitation is put equal to zero.
The liquid water content at the beginning of the mass balance year is then specified as zero. This somewhat
arbitrary initialisation results in a realistic division of the glacier into an accumulation and an ablation area
at the beginning of the mass balance year. Other programs that use the subroutinembt are free to use other
strategies for the specification of the initial snow thickness and liquid water content.

STATISTICAL DISTRIBUTION OF TEMPERATURE VARIATIONS
A statistical approach is used in the determination of positive degree-days and the fraction of the precipita-
tion that falls as snow when 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 deviationσ .

When temperature is specified as daily values, the positive degree-days and the fraction of the precipitation
that falls as snow are computed directly from the daily values without any statistical considerations.

Monthly temperatur e values
Assuming a uniform distribution of the precipitation within each month or that precipitation and tempera-
ture fluctuations within the month are uncorrelated, the fractionf of the precipitation that falls as snow dur-
ing the month can be computed as

f =
1

σ √ 2π

Ts

−∞
∫ e−(T−Tm)2/(2σ 2)dT

= 1
2 erfc(−(Ts − Tm)/(√2σ )) ,

(1)

whereT is temperature,Ts is a threshold (typically about 1°C),Tm is the monthly mean temperature and er-
fc is the complementary error function

erfc(x) =
2

√ π

∞

x
∫ e−ξ 2

dξ . (2)

Distributing the days of the year evenly among the months for simplicity, the positive degree-daysPDD in
a giv en month are similarly computed as

PDD =
365/12

σ √ 2π

∞

0
∫ Te−(T−Tm)2/(2σ 2)dT

= 365/12


σ

√ 2π
e−T2

m/(2σ 2) + 1
2 Tmerfc(−Tm/(√2σ ))


.

(3)

Sinusoidal temperature variation
If the variation in the mean daily temperatureTd is assumed to be sinusoidal within the mass balance year
thenTd can be expressed as

Td(t) = Ta + Tco cos(2π t/A) + Tsi sin(2π t/A), (4)

wheret is time since the beginning of the mass balance year (in days),A is the length of the year (in days),
Ta is the average temperature of the year andTco andTsi are coefficients. Assuminga uniform distribution
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 as snow in a  giv en time period from dayD1

to dayD2 is given as

f =
1

D

D2

D1−1
∫ 1

σ √ 2π

Ts

−∞
∫ e−(T−Td(t))2/(2σ 2)dTdt
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=
1

2D

D2

D1−1
∫ erfc(−(Ts − Td(t))/(√2σ ))dt ,

(5)

whereD = D2 − D1 + 1 is the period length in days. The positive degree-days in a given year are similarly
computed as

PDD =
D2

D1−1
∫ 1

σ √ 2π

∞

0
∫ Te−(T−Td(t))2/(2σ 2)dTdt

=
D2

D1−1
∫ 


σ

√ 2π
e−T2

d(t)/(2σ 2) + 1
2 Td(t)erfc(−Td(t)/(√2σ ))


dt . (6)

Equations (5) and (6) can be evaluated efficiently by traditional algorithms for numerical integration,e.g.
Simpsons rule.

OPTIONS OF TMBT
-a The snow 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 coordinatesx and y are specified in the elevation-file in addition to the altitudez (the
file then has three columns instead of only one). This makes it possible 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 balance stakes where the mass balance
is to be computed.

-s Locations, elevations and dates of fall, spring and fall measurements are given in the multi-
columns format (wsy-format) described in the CWE-memo about mass balance data format (10
columns giving stake-name,x, y, z, wbl, sbl, ybl, d0, d1, d2).

-t Use the dates specified in a wsy-format elevation/location-file to compute the mass balance of
sub-intervals, rather than the default (whole year) or the dates read from an interval-file. Ihe
initial day of the computations will then be the first dayafter 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 fromd0+1 to d1 and from d1+1 to d2 whered0, d1 and
d2 are the dates given in the three last columns of the wsy-file.

-j Jump over the first date in the interval-file without performing mass balance computations for
the interval 1 tod1, whered1 is the first date in the file. Then the mass balance computations
will be started on day (d1+1).

-f Fit mass balance data in wsy-format elevation/location-file by adjusting the precipitation cor-
rection pko so that the appropriate mass balance components are reproduced.This fitting is
only carried out for years/seasons where the corresponding mass balance is positive. The
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 zero.Such results are not automatically
recognised by the program and must be identified by the user. This option should therefore be
used with caution and the resulting fitted mass balance compared with the original measured
mass balance. The fitting has succeeded then they are equal 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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-w Use wide output format for model results (print with stake-name, x, y at the start of each line
of output).

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

-d 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 accuracy
of the results is needed).

-F, -n Fitting options (see code).

-v Print program version on stderr and exit.

[-h|-H|-?] Print help text on stderr and exit.

INPUT TO TMBT
The input totmbt is read from files with names which are given as command line parameters.

param-file Various computational parameters.Each line specifies one parameter and consists of the value
of the parameter as a floating point number followed by the three letter name of the parameter.
The parameter value and the parameter name are separated by a space or a tab. The parameter
names are the same as the names of the arguments in the call of the subroutineimbt as shown
in the SYNOPSISsection above. All of the first 16 parameters must be specified although
some of them may not actually be used in all cases.Optional parameters may be used to speci-
fy horizontal precipitation variations and a seasonal variation of a climatic temperature change.
The parameters are described below in a separate section.

elev-file Elevation file. The mass balance is computed at a number of elevations (ne) specified by this
file. Theelevations may either be specified as a list of discrete elevation values (ne=1 orne>3)
or as three values which specify a minimum elevation, an elevation increment and a maximum
elevation, respectively. If the option−x is given (see above) then this file is assumed to contain
x, y, z values in three columns. If the option−s is given (see above) 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-name,x, y, z, wbl, sbl, ybl, d0, d1, d2).

temp-file Temperature file/files. If more than one file needs to be specified, all the names are given as one
command line argument where the individual names are separated by commas (",") without
spaces between the names.The number of values in the file/files (nt) determines whether the
values are daily mean values (150≤ nt ≤ 1000), monthly mean values (6≤ nt ≤ 24) or parame-
ters specifying a sinusoidal variation in the mean daily temperature within mass balance year
(nt=2,3). If a sinusoidal variation is used then the values in the file specify the mean tempera-
tureTa, and the coefficientsTco andTsi corresponding to the cosine and sine terms in the sinu-
soidal function (cf. equation (4) above). Thesine coefficient Tsi, 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 year ifTsi is omitted because then the phase of the temperature variation is
likely to be meaningless. In that case, all the accumulation is deposited on the surface of the
glacier before the melting starts. Otherwise, accumulation and melting occur simultaneously
through the mass balance year such that melting during the late fall (i.e. after the beginning of
a new mass balance year) in the ablation area of the glacier is according to the degree-day fac-
tor for ice. The number of values in the temperature file can be different 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 names are given as
one command line argument where the individual names are separated by commas (",") with-
out spaces between the names.The number of values in the file/files (np) determines whether
the values are daily precipitation (150≤ nt ≤ 1000), monthly precipitation (6≤ nt ≤ 24) or
yearly precipitation (np=1). If np is not equal to 1 thennp must be equal tont.
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If the −a option is given then this file specifies the snow accumulation directly instead of com-
puting it from the precipitation.The accumulation is then given as one value for each elevation
for which the mass balance is to be computed.The mass balance can only be computed for a
whole year if the accumulations is specified in this way. No wind correction is applied to the
accumulation read from an accumulation file and the climatic precipitation increase specified
by the parameterdep (see below) does not apply to accumulation specified in this way. This
option is primarily useful for calibration purposes.

precip-elev-file
File describing the relative variation of precipitation with elevation. Thisoptional file is speci-
fied on the command line if the parametergrp in par-file is given as -1.0. Then the parameters
rko, skoand pko are used as before to compute the precipitation at the elevation elq, which is
assumed to be within the elevation range of the glacier. The precipitation at other elevations on
the glacier is assumed to be in the same proportion to the the precipitation atelq as specified
by the data in theprecip-elev-file.Linear interpolation is used to compute values in between
the pairs ofz and p that are given in the file.

int-file Interval file. If this optional file is specified on the command line then the mass balance is
computed for given intervals within the mass balance year. The (whole) numbers in the file
(one per line) are interpreted as months if 6≤ nt ≤ 24, but as days otherwise. If the mass bal-
ance is computed in this way, it is critical that the temperature and precipitation records start at
the beginning of the mass balance year, if daily or monthly values are used, and that the phase
of the sinusoidal temperature variation within the year is properly specified, if the temperature
variation is specified in that way. In the case of sinusoidal temperature variation, the phase is
determined by the sign and the relative importance of the coefficients Tco and Tsi. If Tsi is
omitted from the specification of the sinusoidal function then it is not possible to compute the
mass balance of intervals shorter than one year. The sectionOUTPUT FROM TMBTbelow
describes the output, when the optionalint-file is specified, in more detail.The int-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 months given by nt. In that case theint-file will contain only one
value which is the last day or month of the mass balance year. This option simplifies the
preparation of input files fortmbt in some cases. Dates in theint-file may also be specified as
calendar days in the format ’aaaammdd’.Then the data files must start on 1 January of the ini-
tial year of the mass balance year. The first date in theint-file may be given as a neg ative num-
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 day. The initial day of the computations should, as a rule, be specified as the
day after the fall visit to the glacier. This is primarily useful when data files correspond to cal-
endar years and dates inint-file are specified as calendar days.The -j option may also be used
to jump over a specified time period in the beginning of the data files. If the-j option is given,
the mass balance computations will be started on day (d1+1) whered1 is the first date in the
file.

The parameters that need to be specified in the parameter file are described below. An example value for
each parameter with units where applicable is given after a short description of the parameter.

sgm standard deviation of temperature deviations from the monthly mean values or from a sinu-
soidal function. Ifsgmis specified as a negative number then a temperature record of monthly
or daily temperature values 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 of degree days. The computation of the fraction
of the precipitation that falls as snow is not affected by a negative value ofsgm. Example: 3.0
(°C).

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

grt temperature/elevation gradient, positive value of the parameter specifies decreasing tempera-
ture with elevation. Example: 0.6 (°C/100m).
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grp precipitation/elevation gradient. Example: 0.1 (1/100m).

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

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

pko precipitation correction factor for measured precipitation. The precipitation correction factor
represents the relation between the measured precipitation at the precipitation station and the
precipitation at elevation elq on the glacier (cf. the formula in the description of the parameter
elqbelow). Example:1.0.

ddi degree-day factor for ice. Example: 0.006 (mw.e./°C/day).

dds degree-day factor for snow. Example: 0.004 (mw.e./°C/day).

sis snow thickness for blending ofddi anddds. Example: 0.3 (mw.e.).

rfr refreezing ratio, the relative amount of liquid or refrozen water (either melt water or rain)
stored in the snow must exceedrfr before runoff occurs. 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 elevation for the precipitation gradient computations. The precipitation at an elevation
e is computed according to the formulapko⋅ pm(1 + (e− elq)grp/100)), wherepm is the cor-
rected measured precipitation at the precipitation station. Example: 700 (m a.s.l.).

det temperature change, for example climatic warming. A seasonal variation in the temperature
change may be introduced with the parametersdtc anddtc that are described below. Example:
2.0 (°C).

dep relative precipitation increase per degree of temperature change.The precipitation is multi-
plied by (1+ dep)det if 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 distribution. Example:500000.0
(m).

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

pgx spatial precipitation gradient in thex-direction. Example:0.02 (1/1000m).

pgy spatial precipitation gradient in they-direction. Example:-0.02 (1/1000m).

The parametersxc0, yc0,pgx and pgycan be used to specify a linear precipitation variation in 2 horizontal
directions. If a more complication precipitation variation is needed, the subroutinepxyz(x,y,z),defined in
the file pxyz.f may be redefined in order to implement an arbitrary variation of the precipitation withx, y
and/orz.

OUTPUT FROM TMBT
The output fromtmbt is written tostdoutand must be redirected to a file if it needs to be saved on disk. It
consists of a header which contains the command line which was used to invoke tmbt,the number of values
read from the temperature, precipitation and elevation files, the first and last day of the mass balance year
(they are equal to zero if aint-file is not used), the values of the parameters read from the parameter file and
a line of names for the columns that follow.

Below the header the output consists of one line for each elevation for which the mass balance was comput-
ed. Thelines contain the elevation [m a.s.l.], the positive degree-days [°C day], precipitation, accumulation,
ablation, melting of ice, melting of snow, refreezing and mass balance [mw.e.]. If the −w option is used to
specify wide output format, the stake name, and the horizontal coordinatesx and y are also printed out at
the start of each line before the elevation (see above). Theaccumulationis the sum of the computed snow-
fall. Refrozenrain water (in the rare case when melting is less than needed to wet the snow) is not counted
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with the accumulation. Rather it leads to a positive ablation. Themelting of snow and ice are positive
quantities which are found from the computed degree-days. Therefreezingis a positive quantity for yearly
mass balance computations. It is computed as a certain fraction (specified by the parameterrfr ) of the re-
maining snow. It denotes both refrozen and stored liquid water (melt water or rain) which does not leave
the snow pack either because it is refrozen due to sub-zero temperatures in the snow pack in late winter or
early summer, or because a snow pack at the melting point can store some water in liquid form (on the or-
der of 5% by weight).The refreezingis always smaller than the sum of the melting and the amount of pre-
cipitation that falls as rain.The refreezingmay sometimes be negative (meaning that liquid water is re-
leased from the snow pack) when the mass balance is computed for intervals shorter 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 snow pack is reduced by melting.The ablation is defined as the negative of the melting
plus the refreezing. It can become positive in the rare case when the refreezing is greater than the melting.
Themass balanceis the sum of the accumulation and the ablation.

Mass balance can be computed for specifiedintervalswithin the mass balance year by including anint-file.
In this case the output starts with the same information as for whole year computations, including the re-
sults for the yearly balance as described above. Below this output there will be one section for eachinter-
val in the same format as the whole year results.For example, if the temperature is specified as monthly
values and if theint-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 consecutive 3-month intervals from the beginning
of the mass balance year. Each section is preceded by a line that specifies the time interval in question.If
intervals are specified in this way it is assumed that the mass balance year ends on the last date specified in
int-file and temperature and precipitation data beyond this date int-file and 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 computations oftmbt can be performed by other programs by calling the subroutinesmbt
andwcorr directly.

Before mbt or wcorr are called for the first time, the parameter initialisation subroutineimbt must be
called. Thenames and meaning of the parameters in the argument list ofimbt are the same as described
above for the parameters oftmbt. The wind correction routinewcorr, should be called once afterimbt has
been called and before the first call tombt. The reason thatwcorr is not called automatically bymbt is that
mbt is typically called repeatedly, but wcorr only needs to be called once for a particular set of temperature
and precipitation data. The routinembt can then be called once, if whole year results are requested, or re-
peatedly for consecutive intervals within the mass balance year, if the distribution of the mass balance with-
in the year is to be found.

The argument list ofmbt specifies the temperature and precipitation in the arrayst and p, which have the
lengthsnt and np respectively, and are interpreted in the same way as described above for the input files
temp-fileand precip-fileof the programtmbt. Tw o arrayss and l, which are both of lengthnel, wherenel
is the number of elevations for which the computations are performed, give the thickness of the snow cover
and the amount of liquid or refrozen water stored in the snow at the beginning of the time interval for which
the mass balance is to be found.Both s andl are given in mw.e.. The subroutinembt does not make any as-
sumptions about the initial snow depth or the liquid water content of the snow at the beginning of the mass
balance year and expects the calling program to take care of this by proper initialisation of the arrayss and
l. This provides for flexibility and efficiency in the use ofmbt which can be used to compute the mass bal-
ance for any time period of the mass balance year without considering the previous mass balance history
explicitly. If mbt is called repeatedly then the calling program must use the returned results of each call to
mbt to update the arrayss and l as appropriate before the next call tombt is made. For details, see the
source code oftmbt. The arraysx,y,of lengthnxy,contain the spatial coordinates of the locations where the
mass balance will be computed in case spatial coordinates are used.In this casenxy=nel. Else the length
nxy=0. The arraye, which has lengthne,specifies the elevations for which the mass balance is computed.
The elevations may either be specified as a list of discrete elevation values (ne=1 or ne>2) or as two values
which specify a minimum elevation and an elevation increment, respectively. Note that this elevation speci-
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fication is slightly different from the specification of elevations with the input fileelev-fileto the program
tmbt as described above. The reason is that the number of elevations is already given in the argumentnel
and therefore the maximum elevation does not need to be given in the arraye. A piecewise variation of the
precipitation with elevation may be specified with the arrayseeand pe,of lengthnpe,as described above
for the input fileprecip-elev-fileof the programtmbt. An extra precipitation correction may be specified in
the arrayxpk. This correction is not used if the length of this arraynxpk=0. Otherwise, the array specifies
a separate precipitation correction factor for each point where the mass balance is to be computed.This op-
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 (see the-f option of tmbt that is
described above).

The results are returned in the 2D arrayr(nr,nv). The first defining dimensionnr, 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 dimensionnv 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, melting of snow
and refreezing [mw.e.], positive degree-days [°C day] and the precipitation [mw.e.] (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 integer argumentsfd and ld. If both fd and ld are
equal to zero then the mass balance computations are performed for a whole mass balance year (i.e. for nt
number of days or months ifnt > 3). If fd and ld are different from zero and monthly temperatures are
used then the mass balance computations are performed from monthfd to monthld, otherwise the compu-
tations are performed from dayfd to day ld. Both fd and ld may be arrays specifying different intervals
for the different elevations for which the mass balance will be computed.In that case, the argumentnfld is
specified equal tonel. Otherwise,nfld is specified as 1.

The subroutinermbt can be used to write all parameter values set byimtb together with some other relevant
information tostdout.

An example section from a main program usingimbt, mbtandrmbt is listed below.

...
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 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,r,nr,nv,fd,ld,nfld)
call rmbt()
...

CALLING OF MASSBXYZT
The computations of the routinemassbxyztare initialised with one call toimassbxyztwhere model parame-
ters, the rate of climate change and a datum seasonal variation of temperature and precipitation are read
from input files. The routinemassbxyztmay then be repeatedly called to compute glacier mass balance
components as a function of space and time.The routine returns the mass balance, accumulation, ablation
(-melting (ice and snow) + refreezing), precipitation and run-off for a whole mass balance year in separate
two-dimensional arrays.The climate change within each mass balance year is assumed to be the same.It
is computed from time 0.0 to the middle of the corresponding year. There is no climate change before time
0.0. If massbxyztis called repeatedly within the same mass balance year, it will compute the mass balance
only once and return the same results without repeating the computations as long as the given mass balance
year is the same. The last model results arenot stored 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 usingimassbxyztandmassbxyztis listed below.

...
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 information regarding the
specification of input arrays and work arrays.

INSTALLATION AND POR TABILITY
mbt andtmbt are written inFortran for UNIX computers. Thesource code, which has been tested on Lin-
ux (v. 2.4.18, Redhat 8.0 distribution), an HP9000 (HP-UX, v. 11) a Sun SPARC (SunOS, v. 5.8) and
DEC/Alpha (OSF1, v. 4.0), should compile on mostUNIX computers with essentially no changes (see com-
ments in the makefile for changes needed on the abovementioned platforms). The source code is distribut-
ed as ashell archive in two files which are unbundled with the commands

shmbt.dist
sh lnx.dist

wherembt.distandlnx.distare the names of the source code distribution files.mbt.distcontains theFortan
source code and input for tests of the mass balance model andlnx.dist contains output from the tests ob-
tained on a Linux machine. The user should be located in a suitable empty directory when she unbundles
the source and must make sure that the current directory (".") is in the PATH. Thedistribution contains a
makefile which describes the compilation and linking of the programtmbt and two test programs. The us-
er should read the makefile carefully and make the recommended changes for the platform where the soft-
ware is being installed.

OnUNIX computers the command

make [> LOG]

sets the file permission of a few files, compiles theFortran source code oftmbt and the test programs, ex-
ecutes the test programs and a number of test runs oftmbt and compares the output of the tests with the ex-
pected output (obtained on Linux).NOTE: The definitions of the variablesFC, FFLAGS and LFLAGS in
themakefile may not be applicable to allUNIX Fortran compilers (the makefile is for theifc Intel compiler
on Linux and contains the appropriate definitions for HP, Sun and DEC/Alpha in commented lines). In case
of problems try removing the flags-u (all variables are implicitly undeclared) or-O (full optimisation) or
both from the definition ofFFLAGS. The filederfc.f is machine dependent and needs to be adapted to the
platform by commenting/uncommenting the appropriate lines and the fileftn_atof.cneeds to be modified
slightly on HP in the same manner (see comments at the beginning of the files).

If all tests run as they should the output should contain a line saying

The filesfile1andfile2are identical

for each test (in addition to a number of other diagnostic lines from the compiler and themakecommand).
In many cases some harmless differences caused by compiler dependent formatting of floating point num-
bers will be found (e.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 for later examination. Themake
command removes object files and the test program executables before exiting, but leaves the tmbt ex-
ecutable on the disk.The make cleanoutcommand removes the output files from the tests from the disk.
In case of problems, the user can make the individual test programs andtmbt manually and run the tests,
one at a time, by giving the appropriatemakecommands (see themakefile for details).

The source code ofmbt andtmbt contains no calls to plotting software. All user input is through standard
Fortran file I/O. All output is written tostdoutand error messages are written tostderr. The code should
therefore be easily portable to most non-UNIX computers with aFortran compiler.

The output from the programtmbt needs to be postprocessed by appropriate plotting software in order to
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generate a visual representation of the output.This software will be platform dependent.On UNIX com-
puters the utilitiesgrep (1), awk (1)andsed (1)will be found useful for the processing of the output from
tmbt.

NOTES AND WARNINGS
Note that the standard deviation of the temperature deviationsσ , does not have exactly the same physical
meaning for monthly temperature values as for a sinusoidal temperature variation.

Refrozen melt water and the liquid water content of the snow are not distinguished, and the refrozen melt
water is released as the snow thickness is reduced by melting in the same way as liquid water stored in the
snow.

Checking of input data is not extensive. For example, the user must specify the options-x (xy-values given
in elevation-file) or -s (wsy-formatted elevation-file) correctly. Otherwise, the input data will be incorrectly
interpreted, leading to unpredictable results of the computations. Also, care must be taken to use correct
units (°C and mw.e.) for the input data.

The computation of the yearly mass balance bymbt is relatively efficient, especially when the temperature
is specified as a mean value and the amplitude of a sinusoidal function (nt=2), and the routine is suitable for
repeated calling by a dynamic glacier model for this reason.The computation of the distribution of the
mass balance within the mass balance year requires somewhat more computational resources.
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