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ABSTRACT. We propose to quantify the climate sensitivity of the mean specific
balance B of a glacier by a seasonal sensitivity characteristic (SSC). The SSC gives the
dependence of B on monthly anomalies in temperature and precipitation. It is calculated
from a mass-balance model. We show and discuss examples for Franz-Josef Glacier (New
Zealand), Nigardsbreen (Norway), Hintereisferner (Austria), Peyto Glacier (Canadian
Rockies), Abramov Glacier (Kirghizstan) and White Glacier (Canadian Arctic). With re-
gard to the climate sensitivity of B, the SSCs clearly show that summer temperature is the
most important factor for glaciers in a dry climate. For glaciers in a wetter climate, spring
and fall temperatures also make a significant contribution to the overall sensitivity. The
SSC is a 2 X 12 matrix. Multiplying it with monthly perturbations of temperature and
precipitation for a particular year yields an estimate of the balance for that year. We show
that, with this technique, mass-balance series can be (re)constructed from long meteoro-

logical records or from output of atmospheric models.

1. INTRODUCTION

Within a global context, glacier fluctuations are of interest
primarily for two reasons. Firstly, historic glacier fluctua-
tions contain information on past climatic change that can
be extracted with modelling techniques (e.g. Nye, 1965;
Smith and Budd, 198]; Oerlemans, 1997). Recently devel-
oped glacier modelling techniques make it easier to correct
for geometric effects and extract a climate record from a gla-
cier length record, for instance. Secondly, there is the gener-
ally accepted idea that glacier melt plays a significant role in
global sea-level rise (Meier, 1984; Dyurgerov and Meier,
1997; Zuo and Oerlemans, 1997).

There is therefore a need to relate glacier mass balance
to meteorological data. These data can be long records of
instrumental observations, interpolated data from initial-
1zation schemes in weather-forecast models or output from
atmospheric general circulation models (GCMs).

Many studies have been carried out in which regression
techniques have been used to relate mean observed specific
balance and/or equilibrium-line altitude to meteorological
quantities (e.g. Lliboutry, 1974; Hoinkes and Steinacker,
1975; Letréguilly, 1984; Gtinther and Widlewski, 1986;
Greuell, 1992). In such studies the number and type of predic-
tands from glacier to glacier, depending on what is thought
to be suitable for the given climatic setting. This makes it dif-
ficult to compare such studies. In most studies summer tem-
perature and winter precipitation are assumed or found to be
the best predictors, but summer and winter are not defined in
a uniform way, so studies on different glaciers are hard to in-
tercompare. In the near future, output from GCMs will be
used more and more to make projections of glacier beha-
viour around the world. This calls for a more structured de-
scription of the climate—mass-balance relation.

We propose to define and use for individual glaciers a
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seasonal sensitivity characteristic (SSC) that gives the de-
pendence of the mean specific balance on monthly pertur-
bations in temperature and precipitation. The SSC is a
2 x12 matrix, and multiplying it with an appropriate record
of 12 monthly temperatures values and 12 monthly precipi-
tation values yields an estimate of the mean specific balance.
The fact that not only instrumental records but also GCM
output is normally available in the form of monthly mean
values makes it much easier to reconstruct or project the
specific balance. It also facilitates the comparison of the
climate sensitivity of individual glaciers. However, even for
the longest mass-balance records it is not possible to derive
monthly sensitivities in a statistical way, because the num-
ber of predictands (24) would be too large. So a mass-
balance model is needed to compute the SSC.

In section 2 we define the SSC and show examples for a
selection of glaciers in different climatic settings. In section
3 we discuss how the SSC can be used to reconstruct the
mean specific balance from a series of monthly values of
temperature and precipitation. In section 4 a comparison
is made between balance records from a full energy-balance
calculation and from the simpler technique.

2. THE SSC

The mean specific balance of a glacier is the specific balance
over the entire glacier surface and is denoted by B As unit
we use mw.e. (metres of water equivalent). For a particular
year the annual value of the balance with respect to a refer-
ence balance is denoted by AB:

AB = B — Byy. (1)
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The basic idea is that AB can be related to monthly mean
precipitation Pj, and temperature T}, according to

12

ABuy = [Cri(Te — Tres k) + Cra(Pe/ Pret )] + H,
=

where
0B
Cryp = a7, (3)
0B
Cpp=——-— . 4
Pk 5P Par) )

The index k refers to the month (k=1,...,12). Tier is
defined as the temperature associated with the reference
balance (preferably zero), so Cry, has unit mw.e. K ' The
dependent variable in the definition of Cpj; is monthly pre-
cipitation divided by the precipitation in the reference case,
and Cpj, has unit mw.e.

Equation (2) can be regarded as a linearization of a more
general expansion. The term H represents all non-linear
terms. This includes not only higher-order terms associated
with the expansion for a particular month, but also cross-
terms in which a perturbation in a certain month several
years ago may affect the actual balance through feedbacks
in the system (e.g. albedo feedback due to a large positive
anomaly in snow accumulation some time ago). The import-
ance of such longer-term effects will be discussed in section 4.

The SSC consists of the 24 values for Cr, and Cpy, which
can be calculated with a mass-balance model. This can be a
degree-day model or an energy-balance model, simple or
complex. The only requirement is that the model computes

Nigardsbreen, Norway

Franz-Josef Glacier, New Zealand

the cumulative balance through the year. Here we use the
model described in Oerlemans (1992), with some minor
changes. This is a mass-balance model of intermediate com-
plexity, in which the energy exchange between atmosphere
and glacier surface is treated in some detail. However, the
thermodynamic processes inside the glacier are not modelled
explicitly. The energetics involved in refreezing is dealt with
in a schematic way. In Oerlemans and Fortuin (1992) this
model was applied successfully to 12 glaciers for which good
mass-balance observations exist. On the basis of some recently
performed experimental meteorological work on glaciers (e.g.
Greuell and others, 1998) some of the parameterizations have
been adjusted (unpublished), but this has only a marginal
effect on the basic properties of the model.

The calculation of a SSC proceeds as follows. For a par-
ticular glacier, the observed balance profile is simulated as
well as possible by adjusting the climatological input within
its range of uncertainty. The mean observed balance over the
time-span of measurements is normally not zero, and to pro-
vide a reference state in which B = 0 the annual mean air
temperature is adjusted (in practice within £2 K). Then the
Cry, and Cpy, values are determined by running the model
for monthly temperature perturbations (+0.5 and —0.5 K)
and monthly precipitation perturbations (+10% and —10%).

SSCs for a selection of glaciers are shown in Figure 1. The
sample ranges from a glacier in a very wet climate (Franz-Jo-
sef Glacier, New Zealand: annual precipitation Py, ~6m),
through glaciers in a moderately wet climate (e.g. Hintereis-
ferner, Austria: P,,, ~15m), to glaciers in a very dry climate
(White Glacier, Canadian Arctic: Py, ~0.25m). Mass-
balance observations are not available from Franz-Josef Gla-
cier, and the mass-balance model was calibrated in conjunc-
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Fig. 1. Graphic representation of the SSC for a selection of glaciers, as calculated with a mass-balance model. o _facilitate the
comparison, the calendar for Franz-Josef Glacier, which is in the Southern Hemusphere, has been shifted over 6 months.
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tion with a study using a flowline model (Oerlemans, 1997). To
allow a good comparison, all SSCs in Figure 1 have been
plotted on the same scales.

From Figure 1 it is clear that the sensitivity of B to tem-
perature and precipitation changes increases dramatically
with the amount of annual precipitation. This point was dis-
cussed by Oerlemans and Fortuin (1992) and confirms the
long existing idea that glaciers with a large mass turnover
are more sensitive (e.g. Meier, 1984).

When looking at the seasonal effects, a number of interest-
ing observations can be made. For Nigardsbreen (Norway),
winter precipitation is far more important than summer pre-
cipitation, as the latter falls as rain over most of the glacier.
The maritime character of this glacier is also reflected in the
temperature sensitivity. On the lower parts of the glacier the
melt season is long, so May and September make a significant
contribution. Franz-Josef Glacier (Southern Hemisphere) is
even more maritime (note that the calendar has been shifted
by half a year to make the graph comparable to those of the
other glaciers). Even a temperature increase in the winter
months leads to a reduced balance. This 1s because of higher
melt rates on the tongue and because the fraction of precipita-
tion falling as snow is significantly reduced. On the basis of
this result, one would not attempt to seek a correlation
between specific balance and summer temperature only.

Hintereisferner and Peyto Glacier (Canadian Rockies)
are in a moderately wet climate. The accumulation areas of
these glaciers cover a larger altitudinal range. As a result, an
increase in summer precipitation still makes a significant
contribution to the annual balance.

Abramov glacier (Kirghizstan) and White Glacier are
both continental glaciers, but from very different latitudes
(about 40° and 79° N, respectively). It appears that for drier
glaciers the effect of temperature perturbations is more re-
stricted to the summer. In fact, the temperature sensitivity
for White Glacier is entirely determined by the summer
months (June, July, August). For this glacier it matters little
in what month an increase in precipitation takes place. Ap-
parently, virtually all the precipitation falls as snow. It
should be realized again that the seasonal variation of Cp,
also depends on how the precipitation is distributed through
the year. A more detailed analysis for Hintereisferner, for in-
stance, shows that an equal increase in absolute precipitation
through the year has the largest effect in early summer (due
to increasing albedo in times of strong solar radiation). How-
ever, because the precipitation rate in early summer is lower
than the annual mean, this effect does not show up in a sen-
sitivity analysis based on fractional changes in precipitation.

In total the SSCs of 14 glaciers have been studied (in ad-
dition to the ones shown in Figure 1 these are: Engabreen,
Alfotbreen, Helstugubreen, Devon Ice Cap, Tuyuksu Gla-
cier, Storglacidren, Rhonegletscher and Griesgletscher). Al-
together, the most outstanding difference between the SSCs
is in the length of the period for which temperature per-
turbations affect the annual balance. 1o quantify this, we in-
troduce a seasonality index SI, defined as:

_ Crs + Cr7 + Crg

12
> = Cnk
k=1

SI

(5)

In Figure 2 the SI values for the 14 glaciers are plotted
against annual precipitation. A logarithmic fit is also
shown, and the correlation coefficient is fairly large (r =
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Fig. 2. The seasonality index (SI) plotted against annual pre-
cipitation (Pann) for a sample of 14 glaciers ( Franz-Fosef
Glacier, Peyto Glacier, Nigardsbreen, Engabreen, Alfotbreen,
Helstugubreen, Devon Ice Cap, White Glacier, Abramov Gla-
cier, Tuyuksu Glacier, Storglacidren, Hintereisferner, Rhone-
gletscher and Griesgletscher ).

0.955). Interestingly, the correlation coefficient of SI with
the annual temperature range for the 14 glaciers is smaller
(r = 0.82) but still significant. There is a relation between
the annual temperature range and annual precipitation, of
course: wetter climates generally have a smaller tempera-
ture range. As a general conclusion we state that the drier
the climatic setting of a glacier, the more the sensitivity to
temperature change is restricted to the summer months.

3. APPLICATION OF THE SSC TO RECONSTRUCT
A MASS-BALANCE SERIES

To illustrate the use of the SSC, we have performed some
calculations for Nigardsbreen. A series of annual balance
perturbations AB(t), where t is the year, was constructed
from meteorological data with Equation (2) by omitting
the term H. We refer to this model as the “reduced model”
and formulate it as

12

AB(t) = Z[Sscl,k(Tk,f, — Tyet ;) + SSCo i (Prt/ Pret))-

k=1
(6)

Here the SSC is written as a 2 x 12 matrix SSC; 1, where
the index j refers to temperature (j = 1) or precipitation
(j = 2) and the index k to the number of the month. The
temperature anomaly of month £ in year ¢ is denoted by
T}, the precipitation anomaly by P .

Three datasets were considered:

(1) A long series from the meteorological observatory at
Bergen, western Norway. Precipitation and tempera-
ture data are available since 1921, and the station is a
few hundred km away from Nigardsbreen.

(i1) Data from three weather stations, around the Joste-
dalsbreen plateau of which Nigardsbreen forms a part.
These stations (Vangsnes, Fortun and Olde-Vangberg)
are closer to Nigardsbreen, but the series are shorter.
Monthly mean values for the three stations were used
as input. The stations are located in deep valleys and
therefore not necessarily more representative for the
glacier area than Bergen.
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(i11) Data taken from the meteorological analysis of the
European Centre for Medium-range Weather Fore-
casting (ECMWT'), Reading, U.K., interpolated from
gridpoints to the exact location of Nigardsbreen.

First we look at the results from the Bergen dataset (1), (see
Fig. 3). In the first calculation, only the effect of temperature
anomalies was considered (SSCyj = 0), and in the second,
only precipitation anomalies (SSCj ;; = 0). This reveals the
relative importance of fluctuations in temperature and pre-
cipitation. Apparently both quantities are important,
although it can be seen that the large positive anomalies
are related to large amounts of precipitation. In the bottom
panel of Figure 3 the measured specific balance for Nigards-
breen is also shown for the period 1962—95. The correlation
coefficient between reconstructed and measured balance is
not very high (r = 0.65), most likely due to the relatively
large distance between Bergen and Nigardsbreen.

When using dataset (ii) the result is somewhat better (r =
0.76). Interestingly, the best result is obtained with dataset
(111), the ECMWF re-analyses (Fig. 4). For this dataset the cor-
relation coefficient is 0.85, but it should be noted that the
period is shorter now (1979-93) because at the time of the
analysis the ECMWT data did not cover a larger time-span.

4. PERFORMANCE OF THE REDUCED MODEL

As explained earlier, there are two basic assumptions about
using Equation (6) to reconstruct glacier mass balance. The
first is that the direct effect of monthly perturbations of tem-
perature and precipitation can be described with a linear ex-

pansion. This will work only when the perturbations are
sufficiently small. Further analysis showed that, in practice,
errors are acceptable (<10%) if the temperature anomalies
do not exceed 2 K and the precipitation anomalies do not ex-
ceed 40%. Of course larger deviations occur occasionally,
but, given other uncertainties, it is doubtful if the use of a
higher-order expansion is worthwhile.

The second assumption involves the mutual interference
of monthly perturbations. The effect of a temperature per-
turbation in June on the annual balance may depend to some
extent on a precipitation perturbation in April, for instan-
ce/The best test for the reduced model is to compare it dir-
ectly with the full mass-balance model, run in a time-
dependent mode for a longer period of time. We have done
this for the Bergen dataset (i). The mass-balance model was
started at the beginning of the year 1921 and run continu-
ously with monthly temperature and precipitation as for-
cing. In principle, a perturbation in the beginning of the
integration will affect the entire further evolution of the
balance. Figure 5 shows how the result from this run com-
pares with the output from the reduced model. Obviously
the correspondence between the models 1s quite good. The
root-mean-square difference is 0.22 mw.e., the correlation
coeflicient 0.97.

We have repeated the comparison for 100 years of syn-
thetic climate data. These were taken from a control run
with a coupled ocean—atmosphere circulation model run at
the Max-Planck-Institut fiir Meteorologie, Hamburg. The
result was very similar and is therefore not shown. Again,
the correlation coefficient was 0.97.
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Fig. 3. Specific balance for Nigardsbreen calculated with the reduced model from monthly perturbations of temperature and pre-
cipitation as observed at Bergen. The calculation is for the present-day geometry. The upper panel shows the effect of temperature
anomalies only, the middle panel the effect of precipitation anomalies only. In the bottom panel the reconstructed balance is com-
pared with mass-balance measurements. Data from Miiller (1977), Haeberli (1985), Haeberli and Miiller (1988), Elvehoy and
Haakensen (1992), Haeberli and Hoelzle (1995) and Haakensen (199)).
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Fig. 4. A comparison between measured ( dots ) and reconstructed mean specific balance for Nigardsbreen. The reconstruction with
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Fig. 5. Reconstructed specific balance for Nigardsbreen from the reduced model and a full energy-balance calculation. Input data

are taken from the meteorological station at Bergen.

Another useful comparison is that between the SSC and
the annual sensitivity, defined as the change in the mean spe-
cific balance for a perturbation in temperature or precipita-
tion that is constant through the year. The annual sensitivity
can be estimated from the SSC by summing up all monthly
contributions. The result will not be equal to the outcome of
the run of a mass-balance model with a constant perturbation
through the year. In general, the estimate of the annual sen-
sitivity from the SSC gives slightly smaller values. At least for
the glaciers considered here, however, the differences are
small (<10%). This is additional evidence that mutual inter-
ference of monthly perturbations is not very significant.

5. CONCLUDING REMARKS

We think that the SSC is a well-defined and useful tool for
characterizing the climatic setting of a glacier. It shows in a
transparent way the difference in sensitivity between glaciers
with large and small mass turnovers. It also shows the relative
role of changes in temperature and precipitation. The accu-
racy of a calculated SSC depends on how well the mass-
balance model is designed and on the quality of the input
data. Even though there are significant uncertainties in these,
we believe that the gross characteristics shown in Figure 1 are
real. The finding that summer temperature is more import-
ant for drier glaciers also appears to be a robust result.

Using the SSC to (re)construct a mass-balance series is
straightforward. We found the difference between the re-
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duced model and the full energy-balance calculation to be
small, and irrelevant in view of other uncertainties.

We did not discuss how balance profiles might change. In
the results from the mass-balance model there is a tendency
towards larger balance gradients for higher temperatures.
However, the effect is significant only for the driest glaciers
in the sample (White Glacier and Devon Ice Cap).
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