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Abstract – We present a method of modeling climate forcing that can be used as inputs in simulation of alpine glaciers.
We use Parallel Ice Sheet Model (PISM) framework to simulate the glaciers, which shapes the form in which we implement our method. For simulation, we consider two areas centered on mountain plateaus of Snežnik and Trnovski gozd in
southern to south-western Slovenia which both bare evidence
of glaciation in the last ice age. Since the glacial area to be
simulated is small and the local weather is shaped by the local
mountains, the readily available climate models do not have
the required resolution to accurately model glacier development. We propose models for temperature and precipitation
rooted in local data in form of weather stations and local topography. We experimentally test the proposed method by using it in PISM simulations and observing the results in terms
of how closely the resulting glacier extent matches the estimated glacial extent from the literature. We also compare the
proposed method against other methods used in similar cases
that were recently published. We find that our method greatly
improves the results of simulations on one of the study areas
and could be modified for use in other similar cases as well.
Keywords – PISM, Linear Regression, glacier, simulation

I.

I NTRODUCTION

Former mountain glaciers are important analogues for understanding contemporary ice masses and their future interactions
with climate. The south-eastern corner of the European Alps
and neighbouring northern Dinarides are not well studied yet in
that regard. We work on improving our understanding of past
climate-glacier dynamics at the Alps-Dinarides junction by the
use of computer models. In particular, we are exploring the glacial
maximum of the Last Glacial Cycle on two mountainous areas –
Snežnik and Trnovski gozd – in Slovenija.
Our approach is based on the use of Parallel Ice Sheet Model
(PISM) [1] with added custom climate forcing models. Climate
forcing is passed to PISM in form of near-surface temperature
and precipitation. Simple climate forcing models, such as presented in [2], were explored for our use, but demonstrated poor
performance. In case of Trnovski gozd, the simulation covered
southern slopes in ice similarly to the northern slopes, which is
highly unrealistic. In case of Snežnik, the simulated ice was too
extensive i ngeneral while it failed to flow down some glacial valleys. While the reasons for mismatch between the simulated and
the estimated ice cover can be attributed to inaccuracies in many
of the used models, including sliding laws, basal conditions and
climate forcing, the latter represents the first step in improving the
models, since there is a plethora of data available that could lead
to its improvement.
In the following, we first explore how the climate forcing for
is modeled in recent literature, then we describe the study areas
in Section II, propose a new approach in Section III, and finally
show the difference the improved model makes in Section IV.
In [3] the glaciation of northern Velebit mountain range is
simulated, and one of the findings there is that the southern
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(sunny) side of the mountain range is disproportionally glaciated
to its northern (shady) side. The climate forcing is modeled using WorldClim data [4], which was down-sampled to match the
resolution of the topography and uniformly modified by a factor,
which was determined from the difference between mean WorldClim values and mean local weather station values. This shows
that simple models can be insufficient for mountain glaciers.
In [2] the simulated glacial extent is compared to estimated
extent for the Mount Dedegöl in Turkey with the aim of discovering climatic conditions required for a glacier to form. The
climate models used are very basic, precipitation is interpolated
from the 30’ arc-second resolution data available in the WorldClim database, and precipitation is down-scaled using standard
lapse-rate. Nevertheless, the agreement between the estimated
and simulated glaciated extent was adequate.
In [5] explanation of glacier dynamics is presented, and the
authors it to create a simulation with multiple linear regression
(MLR). They use MLR to predict the change of glacier mass in
dependence of time, summer temperature and winter precipitation. Because the initial results show stronger than linear response
with time, the authors partly modify the model to quadratic form.
In [6] the comparison of trained model is done against the
mean model, the model score is calculated, and correlation between modeled and observed values is analyzed. The results suggest that means of precipitation and temperature are viable climate forcing models.
In [7] the authors use and present multiple linear regression as
precipitation interpolation method on an area dense with meteorological stations. The models are deemed reliable and appropriate
for further simulation. In [8] they also add that, compared to other
methods, their method is best when there is high correlation between longitude, latitude and altitude.
In [9–12] authors look at different mountain ranges and compare annual means of precipitation from different meteorological
stations to altitude. All of them find that precipitation up to the
elevation of 2000 m is linearly dependent. This is particularly
useful for our simulated areas, which are all below that altitude.

II.

S TUDY AREA

Snežnik (45°34’53”N 14°25’53”E) is a wide karst limestone
plateau of an area roughly 100 km2 in the northern part of Dinaric
Alps. Plateau declines to the north and to the southwest where it
reaches the Mediterranean sea which is around 30 km away. With
the proximity of Mediterranean sea, the area is provided with ample precipitation by the Genoa low cyclone. The area receives
about 3000 mm precipitation annually where the most comes in
the winter and far less in the summer. The annual temperature of
the area is around 7°C, average air temperatures for winter and
summer are -3°C and 15°C respectively.
In [13] and [14], the authors document and describe geomorphology of the area. The longest glacier started east from the Velik Snežnik, at Gašperjev hrib and it went south following a valley to Gomance, glacier then followed another valley to Črni vrh.
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Geological findings suggest that there was another glacier around
Sviščaki and the two glaciers were not connected with each other.
The authors of [15] suggest that Snežnik glacier was larger than
the first two studies of geomorphology suggest, but the provided
maps also show that glaciation appeared exclusively on the south
side of Snežnik.
The second study area is Trnovski gozd, which is a karst
plateau in west Slovenia and is the most northwest point of Dinaric Alps. In comparison with Snežnik the area is smaller in
size, lower and more homogeneous in elevation, with the highest peak of Golaki at 1495 m (45° 58’ 46”N 13° 52’ 7”E). As in
Snežnik, the precipitation in Trnovski gozd is governed by the
Genoa low cyclone. Annual mean precipitation of the area is
around 1800 mm and it is almost constant throughout the year.
In [15] the authors describe the largest glacial area was 6 km2 in
size, scattered around, and terminated in narrow valleys around
the mountain Golaki, but only to the north. They mention the
possibility that the glacier extended to the south, but there are no
geomorphological evidences for that.

III.
A.

2). For the area of Snežnik we used data from 6 stations represented in Table 1. Of those 6, 3 stations are in different valleys
around Snežnik plateau, bellow 800 m mark (Zabiče, Šmarata and
Jurišče), two are found geographically closer to the peak (Leskova
dolina and Mašun) and the last one is at the basin of the former
glacial lake (Gomance). Trnovski gozd has more available stations as shown in Table 2 and Figure 1. From the image we can
see that we have good placement of stations Vojsko, Mrzla rupa
and Revenovše, because they are where the glacier was located.
Otlica and Lokve are found at the border of the former glacier,
while stations of Idrija, Idrijska bela, Vipava and na Stanu were
used as additional information for how precipitation is changing
through the area.

M ETHODOLOGY

Baseline models

Before implementing the proposed climate forcing models,
we attempted to simulate the ice covers using simple models that
we shall call baseline models. Such simple models demonstrated
good performance in some of the literature (as noted in Section I),
and made an obvious choice for the initial setup of simulations.
A baseline precipitation model was defined as constant precipitation across the simulated area, with the value taken from the
nearest grid point provided by WorldClim. Interpolation between
the gridded data available on WorldClim was not attempted, since
both of the considered areas of simulation are small enough to
fall within a single grid point. A baseline temperature model only
used the nearest reference temperature point from WorldClim data
and then derived the temperature from the Digital Elevation Map
(DEM) using the lapse rate for standard atmosphere [16] (6.5°C
per 1000 m). The model was based on the formula:
T (x,y) =

(h(x,y) − hmean )
+ Tmean ,
1000 · 6.5

Figure 1. The simulated area of Trnovski gozd with weather stations and
the mountain peak marked. Stations Idrija and Vipava are outside of the
area, but they are only used to construct a model and are not required for
the simulation.

where h(x,y) is the height of each point in DEM, hmean is the
mean height of the given area and Tmean is the temperature for the
given area as cataloged by WorldClim.
It should be also noted that outputs of the baseline and the
proposed models are adjusted to account for difference in past
compared to modern climate, before being used in PISM. Temperatures produced by the model are offset (decreased) by a constant
value, since the model produces present climatic conditions (either from WorldClim or local weather stations), which are higher
than they were in the simulated past. The preliminary experiments
were used to tune the temperatures offset to -6.5°C for Trnovski
gozd and -4.7°C for Snežnik; these values result in simulated
glaciation areas similar to the estimated ones. The precipitation
values on the other hand are multiplied by a user defined factor,
since past precipitation also differed from the present. In the presented simulations though, the precipitations factor of 1 was used
for both areas.

B.

Precipitation

Since both of the glacial areas are small, the local weather is
key to our simulation and we avoid using WorldClim database,
because its resolution is insufficient over the study area. To resolve this issue we use local meteorological weather stations, put
up by the Slovenian weather agency (ARSO [17]) for the maximum time periods those stations were active. We use meteorological stations on plateaus Snežnik and Trnovski gozd, but unfortunately the station are not located near the peaks (Figure 1 and
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Figure 2. The simulated area of Snežnik with weather stations and
several points of interest marked.

1)

Data Preprocessing

Precipitation data sets often include measurement and recording errors, which affect the results. In this study we use 15 precipitation meteorological stations in total with different time periods
of tracking data. Within these periods the missing data was substituted with the average precipitation measured in the whole period.
While such method is sufficient for a few days of missing data per
year, better methods could be used if more of the data was missing [18]. The first and last year of the data sets were not used,
since they were incomplete for all stations. Next, the data for
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Table 1. Meteorological stations in the area of Snežnik with their geolocation information and periods of activity
Station
Mašun
Leskova dolina
Gomance
Jurišče
Šmarata
Zabiče

Longitude [°]
14.36
14.46
14.43
14.29
14.67
14.20

Latitude [°]
45.63
45.62
45.51
45.67
45.69
45.31

Altitude [m]
1022
830
934
702
578
443

Period
1951 – 1986
1951 – 1978
1951 – 1971
1951 – 2011
1971 – 2000
1971 – 1992

Table 2. Meteorological stations but in the area of Trnovski gozd
Longitude [°]
14.03
13.97
13.78
13.88
13.91
13.91
13.94
13.96
13.90

Latitude [°]
45.99
45.95
46.01
46.00
46.06
45.93
46.02
45.84
46.02

each available year was summed to get annual precipitation values and averaged to get annual temperature mean. The mean and
standard deviation were then taken for annual values. Standard
deviation was used to manually validate the results, by observing
there were no outliers in that statistic. The mean annual values for
precipitation were used as the input for the linear regression used
in precipitation model and the annual temperature mean was used
as a basis for the temperature model.
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Figure 3. Insolation model on a sinusoidal hill (green line), for the sun at
45° above the horizon. The incoming solar radiation is represented by
yellow rays and the output of the model is shown in red. Maximum
insolation is where the slope is perpendicular to sun rays, and even values
below 0 are reached on the slope facing away from the sun. This slope
would in reality be in hill’s shade, but the proposed model does not
calculate shading.

Geological surveys in Trnovski gozd [19] and [20] discovered
that difference between the equilibrium line altitude (ELA) of sun
facing slopes to that of shady slopes was up to 320 m, which is
equivalent to about 2°C difference in surface temperature, using
the standard lapse rate. We used the estimated effective temperature difference as a starting point in building a simple insolation
(solar irradiance) model as follows. Local slope is determined
for each point of the given DEM, by estimating gradient from the
4 neighbouring points. Then the slope normal is projected onto
the vector pointing towards the sun and this vector’s amplitude is
used to get an estimate on the relative amount of sun reaching the
given slope. Thus a geo-location dependent relative insolation is
obtained.
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Figure 4. Solar insolation S for DEM of Snežnik (above) and Trnovski
gozd (below). In these visualization the sun is 45° above the horizon in
the south, that is, it shines from the bottom up. The estimated maximum
extent of local glaciation is marked with red line. Both axis on the figure
are marked relative to the local LIDAR cell origin.

The model assigns the value of 1 to perfectly insolated areas,
0 to areas perpendicular to the sun, and negative values to extreme
slopes angled more than 90° away from the sun. -1 would be assigned to slopes with normal pointing in the opposite direction of
the sun, for example inside caves, but since only slopes of up to
90° angle can be represented by a DEM, such values are never
reached. The model output is then linearly transformed using the
parameter a to reach the desired difference between the shady and
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sunny areas. For our case we selected a =2°C, causing the optimally insolated areas to gain 2°C in average temperature relative
to the areas perpendicular to the vector pointing towards the sun.
To illustrate the results, Figure 3 demonstrates the model output
on a hill of sinusoidal shape.

 
x
y

=

α

=

β

=

S

=

3500
3000
[m]

The model of insolation S is represented by the following
equations: [21]:

4000

(1)

2000
1500
25000.0

2500

(5)

where y is the predicted value of the dependent variable, n the yintercept value, βi are regression coefficients, xi are independent
variables and  is the model error. The MLR procedure calculates
regression coefficients that lead to the smallest overall model error and then it calculates t-statistic and p-values for each regression coefficient in the model. In our model for glacier dynamics
we use MLR to predict annual mean precipitation over areas of
Snežnik and Trnovski gozd from longitude, latitude and altitude.
The independent and response variables are taken from data and
metadata of local the meteorological stations. In the Table III.D
we list the obtained regression coefficients and interception for
Snežnik in Trnovski gozd. Coefficients βi have units [mm/m] and
intercept n has units [mm]
Station

βlat

βlong

βalt

n

Snežnik

-0.0434

0.0182

1.5532

-5244.7813

Trnovski gozd

0.0101

0.0036

0.3526

-381.6286

IV.

R ESULTS

Resulting precipitation model

Rprec. = mlong · βlong + mlat · βlat + malt · βalt + n,

2400
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Figure 5. Results of applying the MLR precipitation model on the given
areas. Plotted values are in [mm/year]. The estimated maximum extent
of local glaciation is marked with red line. Top figure presents region of
Snežnik, while bottom one presents region of Trnovski gozd.

Complete results, that is Rprec. (m) for all m are presented
in Figure 5. Precipitation of Snežnik was modeledto receive the
highest values of precipitation around 4000 mm near the mountain peaks, and the lowest values around 1500 mm in the valleys. Compared to annual average of about 3000 mm obtained
from weathers stations at lower altitudes and expected increase in
precipitation with increased altitudes [9], the model behaves as
expected. The model also predicts higher precipitation at higher
altitudes and to the south and is in accord with the weather station records. We should stress that the precipitation model is not
valid beyond the area encircled by the used weather stations, since
the linear model is not meant for extrapolation. Our simulations
cover only the central area, where the model is valid as is. If a
broader area was to be modeled, the proposed model would have
to be interpolated with a global model such as the one provided
by WorldClim.
The lower part of Figure 5 shows the modeled precipitation in
the area of Trnovski gozd. In this area the model predicts the precipitation values on the range between 2000 mm and 2600 mm.
This range is narrow, but so is the range of altitudes of this area.
The model also predicts the highest values of precipitation near
and inside the area of glacier.

The obtained MLR model from Section III.D is used to calculate the precipitation for each point on DEM for both study areas:
(6)

where Rprec. (m) represents precipitation on one point of the map
with it’s given longitude, latitude and altitude. mlong , mlat , malt are
the coordinates of point m on the provided map. n, βlong , βlat , βalt
are the intercept and coefficients of the multiple linear regression
model, and are also listed in Table III.D.
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5000.0

0.0

y = n + β1 x1 + ... + βn xn + ,

[m]

0.0

Multiple Linear Regression

Multiple linear regression (MLR) is a statistical technique that
is used to predict the response variable from multiple independent
variables by linear regression model. The equation for MLR is:

A.

2500

p
π
− arctan( x2 + y 2 )
(2)
2
π
−x
− arctan(
)
(3)
2
y
sin(ψ) · sin(α) + cos(ψ) · cos(α) · sin(β) (4)

∇p, p ∈ DEM

The temperature calculated by baseline temperature model is
modified for all points in DEM by adding it a · S, which can
be interpreted as the relative temperature change due to local solar insolation. This temperature comprises two factors, a[K], the
temperature amplitude and S, the relative insolation calculated
from the altitude angle ψ of the sun above the horizon, and two
angles characteristic to each slope. Slope angle relative to the
horizon is α, and aspect angle, i.e. the angle between south and
the direction the steepest descend in the given point is facing, of
the slope is β. S is applied on 25 m resolution DEMs of Snežnik
and Trnovski Gozd, and the results are presented in Figure 4.

D.

30000.0

B.

Glacial simulation

We experimentally test the models by comparing results of
PISM simulations with baseline models to results of PISM simulations with proposed climate models. Since not much is known
about the glaciation of the study areas aside from the estimated
ice extent, we process the results that allows for comparison of
ice extents. PISM is setup to run on a 100 m horizontal grid and
22-layer nonlinear vertical grid, starting from no ice and running
for 2000 years. The more important settings of PISM include:
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PDD climate forcing model, SSA+SIA ice dynamics model with
gpbld flow law, pseudo-plastic sliding law, null hydrology and all
other settings default. These settings are only listed here, their
descriptions are beyond the scope of this paper and can be found
in the PISM manual [22].
PISM results are computed on a 100 m grid, and include ice thickness per each grid location, while the manually estimated ice extent is a simple ice border drawn in vector graphics. Therefore
we first convert PISM results to a gridded ice mask by specifying
the threshold ice thickness of 100 m; the mask for grid location
where ice thickness is higher than the threshold is set to 1 while
it is set to 0 elsewhere. Then we rasterize the vector ice extent
on a grid with the same resolution as the PISM results – 100 m.
We define a mask where grid locations equal to 1, if grid center
is inside the ice extent, and to 0 elsewhere. The two masks can
be overlain to calculate two important statistics. The first statistic is sensitivity, which defines how many grid points that were
estimated to contain ice also contained ice in simulation. The second is precision, which defines how many of the grid points with
simulated ice were also estimated to contain ice. By changing the
parameters of simulation, we strive towards maximizing the value
for both sensitivity and precision.

the proposed climate model is not worrisome, as it could be due
to actually covering some of the unmarked smaller ice-covered
areas. For a more accurate estimate of simulation precision, in
future we might limit our comparison of ice-covered areas to only
include several largest continuous ice-covered areas from simulation results to compensate for having only the largest known ice
patch was manually estimated.
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Figure 7. Simulation results on the area of Snežnik. As previous figure on
top are the results obtained by using baseline climate forcing model and
below are the results obtained with the proposed climate forcing model.
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Figure 6. Simulation results on the area of Trnovski gozd. On top are the
results obtained by using baseline climate forcing model and below are
the results obtained with the proposed climate forcing model.

First we look at the difference in results for Trnovski gozd,
between baseline and proposed climate models. Plotted masks in
Figure 6 show a very apparent improvement, with the ice covered area shifting from more to less insolated areas (there is a
mountain ridge with peaks on the south limit of the estimated ice
extent area). The sensitivity increased dramatically from 0.513 to
0.895 when using the proposed climate model instead of the baseline, while precision dropped slightly from 0.346 to 0.332. When
analyzing the drop in precision, we must consider that experts allowed for some smaller ice patches scattered around the area [20]
but these are not marked. Therefore the slighly worse precision of
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It should also be noted that the presented results were obtained by just changing the models and leaving all other parameters the same. These results should be further improved by optimizing the additive temperature offset and the multiplicative precipitation factor (these were described in subsection III.A). So far
these two terms were only manually fitted in an effort to make the
simulations with baseline climate models somewhat fit the estimated ice extend limits. In future work, a parameter scan will be
performed with the proposed model to further improve the simulation results.
Next we look at the results for Snežnik, shown in Figure 7.
These results do not show any significant difference between the
baseline model and the proposed precipitation and temperature
models. By using the proposed model, sensitivity increases insignificantly from 0.444 to 0.447, and precision decreases from
0.663 to 0.578.
Again, these results show the difference between models for a
single set of parameters, which are yet to be optimized. Nevertheless, the results are likely indicative of the general simulation behaviour when using the proposed models. For the area of
Snežnik, the models do not seem to make a significant difference

285

and might only prove useful in improving some of the ice extent
limits but not all. The bottom line is that for Snežnik, the difference between the simulated and estimated ice extent will have to
be sought elsewhere.

V.

C ONCLUSION

We have presented a method of local interpolation of weather
station data which we then use as inputs in simulation of alpine
glaciers with PISM framework. In our study we take a look at two
very small glacier areas of Snežnik and Trnovski gozd plateaus
in southwestern Slovenia, which receive high amount of precipitation from Genoa low cyclone. In the research we use data
from meteorological data stations, because data from WorldClim
database is not detailed enough for the research of such small
regions. After pre-processing the data to get annual means, we
model precipitation using MLR, and temperature using projected
slope normals and lapse rate. We use both models to produce inputs for PISM simulation tool, which gave us first insights to the
performance of our methods. The results are very promising in the
area of Trnovski gozd, while in the area of Snežnik, no significant
change was detected between the proposed and baseline models.
In future work, the simulation parameters will be optimized to
reach better agreement between the models and estimated ice extent. The main two targets for optimization are the past mean
temperature and precipitation, which are largely unknown. Also
in future work, the models used in PISM will be refined to model
some geographical features of Snežnik, namely the inversion of
temperatures in large depressions, and the subglacier conditions
unique to karst environment.
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