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Abstract. Model evaluation is often performed at few loca-
tions due to the lack of spatially distributed data. Since the
quantification of model sensitivities and uncertainties can be
performed independently from ground truth measurements,
these analyses are suitable to test the influence of environ-
mental variability on model evaluation. In this study, the
sensitivities and uncertainties of a physically based moun-
tain permafrost model are quantified within an artificial to-
pography. The setting consists of different elevations and
exposures combined with six ground types characterized
by porosity and hydraulic properties. The analyses are per-
formed for a combination of all factors, that allows for quan-
tification of the variability of model sensitivities and uncer-
tainties within a whole modeling domain.

We found that model sensitivities and uncertainties vary
strongly depending on different input factors such as topog-
raphy or different soil types. The analysis shows that model
evaluation performed at single locations may not be repre-
sentative for the whole modeling domain. For example, the
sensitivity of modeled mean annual ground temperature to
ground albedo ranges between 0.5 and 4◦C depending on el-
evation, aspect and the ground type. South-exposed inclined
locations are more sensitive to changes in ground albedo than
north-exposed slopes since they receive more solar radiation.
The sensitivity to ground albedo increases with decreasing
elevation due to shorter duration of the snow cover. The sen-
sitivity in the hydraulic properties changes considerably for
different ground types: rock or clay, for instance, are not sen-
sitive to uncertainties in the hydraulic properties, while for
gravel or peat, accurate estimates of the hydraulic properties
significantly improve modeled ground temperatures. The dis-
cretization of ground, snow and time have an impact on mod-
eled mean annual ground temperature (MAGT) that cannot

be neglected (more than 1◦C for several discretization pa-
rameters). We show that the temporal resolution should be at
least 1 h to ensure errors less than 0.2◦C in modeled MAGT,
and the uppermost ground layer should at most be 20 mm
thick.

Within the topographic setting, the total parametric out-
put uncertainties expressed as the length of the 95 % uncer-
tainty interval of the Monte Carlo simulations range from 0.5
to 1.5◦C for clay and silt, and ranges from 0.5 to around
2.4◦C for peat, sand, gravel and rock. These uncertainties
are comparable to the variability of ground surface tempera-
tures measured within 10 m× 10 m grids in Switzerland. The
increased uncertainties for sand, peat and gravel are largely
due to their sensitivity to the hydraulic conductivity.

1 Introduction

Models are important tools for investigating natural pro-
cesses and providing scenarios relating to future environ-
ments. Physically based or empirical models can predict spa-
tial or temporal variation of measured attributes and related
phenomena of interest, and derived products may serve as
a basis for political or economical decisions. Since every
model is an abstraction and simplification of reality, and
since therefore model outputs are strongly dependent on
the modeler’s perception of the system, any model must in
a first step be evaluated for its fit to an intended purpose
(Rykiel, 1996). Model evaluation forms an important part
of the development process (e.g.,Beven, 1993; Gupta et al.,
2005). It aims at (a) determining the degree of accordance of
a model output with the respective measured quantity (e.g.,
Rykiel, 1996; Beck et al., 1997; Anderson and Bates, 2001;
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Stow et al., 2009), (b) quantifying the related model uncer-
tainty (e.g.,Beck, 1987; Beven and Binley, 1992; Beven,
1993; Davis and Keller, 1997; Crosetto and Tarantola, 2001),
(c) identifying parameters and input variables that account
for the largest parts of this uncertainty (e.g.,Cukier et al.,
1977; Sobol, 1993; Saltelli et al., 2004, 2008) and (d) even-
tually calibrating the model to local conditions (e.g.,Beven
and Binley, 1992; Chen et al., 2000; Gupta et al., 2005).

Uncertainties and errors come from processes that are not
represented in the model, unknown physical properties, er-
rors in input data, numerical errors and the modeler’s percep-
tion when selecting the processes to be represented, among
others (Gupta et al., 2005). Uncertainty can be defined as
limits in modeling due to lack of knowledge (e.g., unknown
physical properties), while errors may arise from numerical
approximations, for example (AIAA , 1998).

Models are often applied to make predictions for large spa-
tial areas. However, model evaluation is typically restricted
to only one or, in the best case, a few evaluation points due
to lack of observed data for validation. In turn, this implic-
itly assumes that validation at a single point suffices to in-
form on decisions about model performance in different envi-
ronmental conditions because the model is physically based
(and thus representativity at one point implies representativ-
ity over a domain). However, the implications of this assump-
tion when modeling phenomena in highly variable terrain or
over long distances has been the subject of limited research.
This paper is focused on a sensitivity and uncertainty analy-
sis of a physically based mountain permafrost model to serve
as a case study for examining the role of environmental vari-
ability in model evaluation.

The validity of a model cannot be determined based only
on sensitivity and uncertainty analyses, since the model out-
puts are not compared to measured values. However, model
sensitivities and uncertainties can be analyzed independently
of such ground truth measurements. Sensitivity and uncer-
tainty analyses are one valuable way of exploring the poten-
tial influence of different environmental settings on model
evaluation, without requiring spatially distributed measure-
ments. Since the processes determining the occurrence and
characteristics of mountain permafrost are highly complex
and nonlinear, a mountain permafrost model is a suitable tool
to investigate the variability of model sensitivities and uncer-
tainties in a highly variable environment.

The focus of this study lies on the variability of sensitivi-
ties and uncertainties for different topographic and other en-
vironmental conditions (Table1). Here, sensitivity analysis
quantifies the variation of the modeled output due to varia-
tion in single model parameters, while an uncertainty anal-
ysis quantifies the total parametric model output uncertainty
due to errors or uncertainties in model parameters. A pre-
liminary parameter calibration (i.e., a minimization of the
differences between the model outputs and given values) is
performed on selected parameters that influence snow dura-
tion most strongly. The object of investigation in this study is

variability or, if coming from a GCM or RCM, model output uncertainty. Model param-
eters consist of physical properties or of empirically estimated parameters. A physical
property can often not be measured due to high costs or impracticability issues and
must therefore be estimated. Structural model errors arise from di�erent descriptions,
selection and coupling of the involved processes, di�ering numerical discretization, the
spatial variability of the study area and its representation in the model, scaling and rep-
resentation of sub-grid processes, lumping (e.g., Fiddes and Gruber, 2012), chosen param-
eterizations or diverging classi�cations of ground types or the geology, among others
for example (c.f. Butts et al., 2004). Errors in the mathematical implementation of nu-
merical solutions and the discretization used in the numerical equations lead to errors
in the model outputs. Structural and perceptual model di�erences are often examined
in model inter-comparison projects, as, for example, the SnowModels Inter-comparison
Project (SnowMIP) ( Etchevers et al., 2002), the European Ice Sheet Modeling INiTiative
(EISMINT) ( Huybrechts and Payne, 1996, Payne et al., 2000), the distributed model inter-
comparison project (DMIP) for river forecasting ( Smith et al., 2004) or studies of the
modeled shortwave radiation ( Gueymard, 2003a,b, Badescu et al., 2012). In climate mod-
eling, ensemble GCMs are applied to provide di�erent scenarios o� uture climates (e.g.,
IPCC , 2007).

Fig. 1. Model uncertainties and errors has diverse sources (red)
such as unknown parameters, errors in input data, numerical errors
due to discretization, etc. Uncertainty and sensitivity studies inves-
tigate the effect of these possible sources of errors on model outputs
(adapted fromGupta et al., 2005). Observed and modeled responses
as well as model sensitivities are subject to strong environmental
variation.

an energy- and mass-balance model with a primary focus on
exploring variables and processes relating to permafrost, i.e.,
those influencing ground temperatures (GTs). GTs are inter-
esting because they are influenced by highly nonlinear envi-
ronmental processes such as the energy balance at the Earth’s
surface, snow cover distribution and snow melting, as well
as heat conduction in the ground, which is determined by the
thermal properties of the ground constituents and its water
content and phase state (e.g.,Williams and Smith, 1989). In
mountain regions, GTs are strongly coupled to air tempera-
ture in summer, and are influenced by solar radiation, snow
cover in winter and the ground material (e.g.,Haeberli, 1973;
Hoelzle, 1996; Keller and Gubler, 1993; Luetschg et al.,
2008; Gruber and Hoelzle, 2008). Within a mountainous en-
vironment, these variables and processes vary within short
distances (e.g.,Hoelzle et al., 2003; Gubler et al., 2011),
which makes interpolation of model outputs difficult. Sim-
ilarly, results obtained from model evaluation cannot sim-
ply be transferred to other locations. To summarize, the main
goals of this study are as follows: (a) to examine the influence
of environmental variability on model sensitivity and uncer-
tainty, and discuss the importance of representative model
evaluation; (b) to quantify the sensitivity of mean annual
ground temperature (MAGT) due to errors in discretization,
numerical and model specific parameters and uncertainties
in physical parameters; and (c) to discuss the influence of
environmental variability on a physically based energy- and
mass-balance model.
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Fig. 2. Processes that influence permafrost are highly variable in
mountain areas. The energy balance, shading from surrounding ter-
rain and snow redistribution by wind or avalanches influence per-
mafrost occurrence in high mountain. The scale determines the
importance of the influencing processes (Etzelmüller et al., 2001;
Hoelzle et al., 2001).

2 Model and data description

2.1 The energy- and mass-balance model GEOtop

GEOtop is a physically-based model originally developed
for hydrological research. It couples the ground heat and
water budgets, represents the energy exchange with the at-
mosphere, has a multilayer snow pack and represents the
water and energy budget of the snow cover (Bertoldi et al.,
2006; Rigon et al., 2006; Endrizzi, 2007; Dall’Amico, 2010).
GEOtop simulates the temporal evolution of the snow depth
and its effect on ground temperature. It solves the heat con-
duction equation in one dimension and the Richard’s equa-
tion for water transport in one or three dimensions describing
water infiltration in the ground as well as freezing and thaw-
ing processes. GEOtop is therefore a suitable tool to model
permafrost relevant variables such as snow and ground tem-
peratures (Fig. 2). It can be applied in high mountain re-
gions and allows accounting for topographic and other en-
vironmental variability. This study is performed using the
GEOtop version number 1.225-9.

2.2 Input and validation measurements

Input data consist of measured air temperature, wind veloc-
ity and direction, relative humidity, global radiation and pre-
cipitation recorded by the MeteoSwiss meteorological sta-
tions. The experiment is run at Corvatsch, Upper Engadine,
Switzerland, where a meteorological station of MeteoSwiss
is located at 3315 m a.s.l. A preliminary model analysis is
performed at the 40 locations of ground surface temperature
measurements around Corvatsch (Gubler et al., 2011). The
two main target variables are the mean annual ground sur-
face temperature (MAGST) and the melt out date of the snow

(MD) (Schmid et al., 2012). The study was performed for
two years of data, i.e. from summer 2009 to summer 2011.

2.3 Model parameters

2.3.1 Numerical parameters

In GEOtop, ground discretization is given as the thickness
dz of each ground layer. Close to the surface, the ground is
resolved in finer detail due to the greater temperature gradi-
ents. To reduce the number of degrees of freedom, the thick-
ness of the ground layers is parameterized as an exponential
function, describing the ground layer i as:

dzi = dzmin ·(1+b)i−1, (1)

where dzmin is the thickness of the first layer, b is the growth
rate and i is the layer index, being one at the ground surface
and increasing downwards. In addition, the maximal depth
zmax of the modeled ground must be set as a parameter.

Snow resolution is higher close to the snow surface (snow-
atmosphere interface) and to the ground (snow-ground inter-
face). A snow portion at the top (referred to as top region)
and at the bottom (bottom region) are defined that are dis-
cretized with snow layers that never exceed a specified snow
water equivalent (swem). The top and bottom regions are
defined by their maximum snow water equivalent content,
respectively given by nt · swem and nb · swem, where nt
and nb are integers. On the other hand, the portion of the
snow pack not included in the top and bottom regions consti-
tutes the middle region, which is discretized with a maximum
number nm of layers with minimum snow water equivalent
content equal to swem and no maximum. The layering algo-
rithm prevents the formation of significant snow water equiv-
alent differences across the layers when the value swem is
exceeded.

The heat and Richards’ equations are solved with the New-
ton Raphson method (Kelley, 2003). Significant numerical
parameters are the time step dt of numerical integration of
the equations and the residual tolerance at which the itera-
tions are terminated. The sensitivity of the GEOtop model to
both these parameters are also quantified in this study. The
time step has been made to vary in the range from 7.5 min
to 4 h. The higher the time step and residual tolerance are,
the longer the computing time is. The optimal parameters
for the simulation are the highest time step and residual tol-
erance for which a decrement of their value does not result in
a significant numerical solution difference.

2.3.2 Model specific parameters

An initial condition of the state variables, namely temper-
ature and total (= ice + liquid water) soil moisture initial
profiles, must be assigned to run the model. Since there is
always a certain degree of arbitrariness in that, the simula-
tions are then run for a long time so that they loose memory

Fig. 2. Processes that influence permafrost are highly variable in
mountain areas. The energy balance, shading from surrounding ter-
rain and snow redistribution by wind or avalanches influence per-
mafrost occurrence in high-mountain regions. The scale determines
the importance of the influencing processes (Etzelm̈uller et al.,
2001; Hoelzle et al., 2001).

2 Model and data description

2.1 The energy- and mass-balance model GEOtop

GEOtop is a physically based model originally developed for
hydrological research. It couples the ground heat and wa-
ter budgets, represents the energy exchange with the atmo-
sphere, has a multilayer snow pack and represents the wa-
ter and energy budget of the snow cover (Bertoldi et al.,
2006; Rigon et al., 2006; Endrizzi, 2007; Dall’Amico, 2010).
GEOtop simulates the temporal evolution of the snow depth
and its effect on ground temperature. It solves the heat con-
duction equation in one dimension and the Richard’s equa-
tion for water transport in one or three dimensions describ-
ing water infiltration in the ground as well as freezing and
thawing processes. GEOtop is therefore a suitable tool to
model permafrost relevant variables such as snow and ground
temperatures (Fig.2). It can be applied in high-mountain re-
gions and allows topographic and other environmental vari-
ability to be accounted for. This study is performed using the
GEOtop version number 1.225-9.

2.2 Input and validation measurements

Input data consist of measured air temperature, wind velocity
and direction, relative humidity, global radiation and precipi-
tation recorded by the MeteoSwiss meteorological stations.
The experiment is run at Piz Corvatsch, Upper Engadine,
Switzerland, where a meteorological station of MeteoSwiss
is located at 3315 m a.s.l. A preliminary model analysis is
performed at the 40 locations of ground surface temper-
ature measurements around Piz Corvatsch (Gubler et al.,
2011). The two main target variables are the mean annual

ground surface temperature (MAGST) and the melt-out date
of the snow (MD) (Schmid et al., 2012). The study was per-
formed for two years of data, i.e., from summer 2009 to sum-
mer 2011.

2.3 Model parameters

2.3.1 Numerical parameters

In GEOtop, ground discretization is given as the thickness
dz of each ground layer. Close to the surface, the ground is
resolved in finer detail due to the greater temperature gradi-
ents. To reduce the number of degrees of freedom, the thick-
ness of the ground layers is parameterized as an exponential
function, describing the ground layeri as

dzi = dzmin · (1+ b)i−1, (1)

wheredzmin is the thickness of the first layer,b is the growth
rate andi is the layer index, being one at the ground surface
and increasing downwards. In addition, the maximal depth
zmax of the modeled ground must be set as a parameter.

Snow resolution is higher close to the snow surface (snow–
atmosphere interface) and to the ground (snow–ground inter-
face). Snow portions at the top (referred to as the top region)
and at the bottom (bottom region) are defined that are dis-
cretized with snow layers that never exceed a specified snow
water equivalent (swem). The top and bottom regions are de-
fined by their maximum snow water equivalent content, re-
spectively given bynt · swem andnb · swem, wherent andnb
are integers. However, the portion of the snow pack not in-
cluded in the top and bottom regions constitutes the middle
region, which is discretized with a maximum numbernm of
layers with minimum snow water equivalent content equal to
swem and no maximum. The layering algorithm prevents the
formation of significant snow water equivalent differences
across the layers when the value swem is exceeded.

The heat and Richards’ equations are solved with the
Newton–Raphson method (Kelley, 2003). Significant numer-
ical parameters are the time stepdt of numerical integration
of the equations and the residual tolerance at which the iter-
ations are terminated. The sensitivity of the GEOtop model
to both these parameters are also quantified in this study. The
time step has been made to vary in the range from 7.5 min
to 4 h. The higher the time step and residual tolerance are,
the longer the computing time is. The optimal parameters for
the simulation are the highest time step, and residual toler-
ance for which a decrement of their value does not result in
a significant numerical solution difference.

2.3.2 Model-specific parameters

An initial condition of the state variables, namely tempera-
ture and total (= ice+ liquid water) soil moisture initial pro-
files, must be assigned to run the model. Since there is al-
ways a certain degree of arbitrariness in this, the simulations
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are then run for a long time so that they lose memory of
the initial values and will assume values in equilibrium with
the meteorological forcings and the ground properties. The
ground column in the model is 10 m deep, and is initialized
by repeatedly modeling GT down to 1 m (40 yr), then using
the modeled GTs as initial condition to repeatedly simulate
GT down to 5 m (40 yr) and finally simulating GTs down to
10 m depth. Preliminary analyses have shown that this pro-
cedure produces stable initial conditions of the ground. To
test possibly different responses that may take place if the
initial condition is given by unfrozen and frozen ground, a
sensitivity study with negative (−1◦C) and positive (+1◦C)
initial ground temperatures is performed. The initial total soil
moisture profile is obtained from the retention curve after as-
signing a hydrostatic water pressure profile, and then the to-
tal soil moisture in ice and liquid water is split according to
ground temperature and the freezing soil characteristic curve
(e.g.,Dall’Amico, 2010).

Although this study deals with one-dimensional simula-
tions, it is possible to represent lateral water drainage be-
tween the surface and a depth referred to aszf , while below
this depth the ground can be filled with water until it is sat-
urated. Depending on the interests of the modeler, thewater
balancecan be turned off if no information on the ground
hydraulic properties are available in order to save computa-
tion time or to study the influence of water balance on model
outputs.

The longwave downward radiation (LDR) parameteriza-
tions implemented in GEOtop are based on the Stefan–
Boltzmann law:

LWRin = εatm · σSB · T 4
atm, (2)

where σSB = 5.67× 10−8Wm−2K−4 denotes the Stefan–
Boltzmann constant,εatm the bulk emissivity andTatm the ef-
fective temperature of the overlying atmosphere. In practice,
Tatm is replaced by the temperature at screen-level height
temperatureT , and the atmospheric emissivity is parameter-
ized as a function of air temperature and/or vapor pressure.
Diverse LDR parameterizations can be found in the litera-
ture (Brutsaert, 1975; Idso, 1981; Konzelmann et al., 1994;
Prata, 1996, among others). GEOtop includes a switch to se-
lect one out of nine parameterizations.Gubler et al.(2012)
calibrated these parameterizations to measured longwave ra-
diation in Switzerland. The sensitivity on the different LDR
parameterizations, as well as on the calibratedKonzelmann
et al.(1994) parameterization, is tested.

The turbulent fluxes of sensible and latent heat are calcu-
lated using the Monin–Obukhov similarity theory (Obukhov,
1946; Monin and Obukhov, 1954), which represents the ef-
fect of buoyancy with corrections to the logarithm profile
of wind speed, valid only in a neutral atmosphere. How-
ever, the theory only determines the functional dependence
of the corrections. Their mathematical formulation has to be
found empirically. For this reason, in the present study the

possibility to represent the turbulent fluxes assuming a neu-
tral atmosphere is also considered. This becomes very impor-
tant when the atmosphere is stable, because in this case the
Monin–Obukhov corrections may improperly suppress tur-
bulence and, as a result, the surface may be decoupled from
the atmosphere, causing significant errors. If the wind speed
is very small, such decoupling may also occur. Therefore,
a minimum wind speed (Vmin) has been added as a parameter.
A minimum relative humidity (RHmin) has also been added
to prevent unrealistic turbulent fluxes. Temperature thresh-
olds for rainTr,0 and snowTs,0 determine the temperature
above which all precipitation is rain and below which all pre-
cipitation is snow. Between the two thresholds, the amount
of precipitation that is rain or snow is interpolated linearly.
They are set from 0 to 4◦C for rain, and−3 to 0◦C for snow
(Kienzle, 2008).

2.3.3 Physical parameters

The parameters considered for ground are its aerodynamical
roughness, ground albedo and emissivity, as well as its hy-
draulic properties presented in Sect.2.4.2. The ground rough-
ness influences the turbulent fluxes, and ranges from few mil-
limeters up to half a meter or more depending on terrain ob-
stacles (Wieringa, 1993). The albedo of a dry ground sur-
faceαg,dry is assumed to range from 0.1 to 0.4, values that
are typically found in the literature (e.g.,Ångstr̈om, 1925;
Tetzlaff, 1983; Ineichen et al., 1990; Scharmer and Greif,
2000; Markvart and Castãner, 2003; Polo et al., 2012), with
an average of 0.2. The reflection of wet groundαg,wet is
smaller than for dry ground (Ångstr̈om, 1925), modeled as

αg,wet = αg,dry · fαg,wet, (3)

where 0.4 ≤ fαg,wet ≤ 1. Emissivity of the different ground
types is assumed between 0.8 and 0.99 with an average of
0.96 (e.g.,Sutherland, 1986; Ogawa and Schmugge, 2004;
Jin and Shunlin, 2006). The heat flux at the bottom of
the ground profile determines the lower boundary condi-
tion of the heat conduction. The deep ground heat flux is
0.07 Wm−2 (Medici and Rybach, 1995). Due to geometrical
effects in high-mountain regions, the density of the ground
heat flux in complex topographies varies (Kohl, 1999; Nötzli
et al., 2007), and is hence assumed to have an average value
of 0.05.

Diverse parameters concerning snow such as the snow re-
flectance, its emissivity, roughness, viscosity and the snow
compaction rate can be set in GEOtop, determining the out-
going longwave radiation, the turbulent fluxes and the snow
densification, They influence snow melt and the duration of
the snow cover in spring. For shallow snow packs, snow
albedo decreases since a significant portion of incoming
shortwave radiation is actually absorbed by the ground sur-
face (Tarboton and Luce, 1996). In GEOtop, this is repre-
sented by the albedo extinction parametercα. If the snow
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Table 1. Environmental attributes determining the locations for
which the sensitivity and uncertainty analyses are performed. The
sky view factor (SVF) is a function of slope. For each combination
of attributes, a separate sensitivity and uncertainty analysis is per-
formed, resulting in a total of 200 simulation locations per ground
type. In total, 1200 sensitivity and uncertainty analyses were per-
formed.

Attribute Unit Min. Max. Step

Elevation m 500 4000 500
Aspect deg. 0 360 45
Slope deg. 0 30 10
SVF 0.93 1
Ground 1 6 e.g., Table2

height z is smaller thancα, ground and snow albedo are
linearly interpolated. Snow emissivity ranges from 0.94 to
0.99, with an baseline value of 0.98 (e.g.,Dozier and War-
ren, 1982; Zhang, 2005; Hori et al., 2006). The albedo of
fresh snow for visible light is between 0.8 and 0.96 (e.g.,
Markvart and Castãner, 2003). The uncertainties in the at-
mospheric parameters that determine the attenuation of solar
radiation are according toGubler et al.(2012).

2.3.4 Input measurements and extrapolation

Air temperature is extrapolated at different elevations using
a lapse rate. Analogous to air temperature, dew point tem-
perature and precipitation are also distributed at different el-
evations using an elevation-related lapse rate. Precipitation
measurements can have a negative bias due to wetting loss
or wind-induced undercatch (Legates and DeLiberty, 1993;
Goodison et al., 1998), for example. To deal with this sys-
tematic measurement error that has great effect on snow ac-
cumulation and soil moisture, GEOtop considers a precipita-
tion correction factor. Hence, all precipitation measurements
used as input to the model are multiplied with the correction
factor. The value of the correction factor is assigned before
running the model, and may be used for tuning.

The height of the sensor at which a temperature or wind
speed is measured influences the calculation of the turbulent
fluxes. While the exact height of the meteorological station
can be measured precisely, the topography of the station in
mountain regions may influence the equivalent height with
respect to an infinite planar surface (Fig.3). As a conse-
quence, its determination is partly arbitrary. In this study, the
height is varied between 0.5 and 16 m.

2.4 Experimental setting

The sensitivity study is performed for six different ground
types (Sect.2.4.2), which are varied within a topographi-
cal setting typical for mountain areas (Table1). GEOtop is
run for all combinations of ground types and topographical

Fig. 3. The height of the meteorological station at Piz Corvatsch
is assumed uncertain, ranging from 0.5 to 16 m. Within mountain
topography, the actual height in relation with the surroundings at
the top of a mountain cannot be accurately determined. In the figure,
the meteorological station is just above the “tsch” of “Corvatsch”.

attributes that are assumed important when modeling moun-
tain permafrost.

2.4.1 Topography

The modeling study is performed within an artificial set of
topographic attributes to evaluate the sensitivities of GEOtop
for diverse topographical situations (Table1). We model el-
evations in steps of 500 m from 500 to 4000 m a.s.l. Slope
varies from 0◦ to 30◦ in steps of 10◦, and aspect is varied in
steps of 45◦, thereby covering the most important exposure
to the sun. In total, this topography sampling results in a total
of 1200 simulation points. All locations where snow did not
melt in summer were excluded from the analysis.

2.4.2 Ground types

Different ground types and ground surface covers influence
the ground thermal regime substantially. Liquid water influ-
ences the thermal conductivity of the ground as well as the
latent heat transfer during freezing and thawing of a spe-
cific ground layer (Williams and Smith, 1989). The study
was performed for six different ground types: clay, sand,
silt, peat, gravel and rock. For each of these ground types,
typical values for the residual water contentθr, the satu-
rated water contentθs, the parametersnvG and αvG deter-
mining the shape of the water retention curve parameterized
according tovan Genuchten(1980) and the saturated hy-
draulic conductivityKh are determined (Table2). The lat-
eral hydraulic conductivity is assumed to be the same as
the normal hydraulic conductivity. The thermal conductiv-
ity KT is set to 2.5 Wm−1K−1 and the thermal capacity
C of the mineral particles to 2.25× 106 Jm−3K−1 for the
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Table 2.Parameters of the different ground types. In the sensitivity analysis, the hydraulic parameters are assumed to change by±20 % for
θsat, ±10 % forθres, ±50 % fornvG and±25 % forαvG, and goes from 0.01 to 100 times the original value forKh. The thermal conductivity
changes by 50 % and the heat capacity changes by 20 % as shown in Table3). The values are modified by the respective factors presented in
Table3.

Parameter Symbol Unit Clay Silt Sand Peat Gravel Rock

Residual water content θr 0.072 0.057 0.055 0.2 0.055 0.002
Saturated water content θs 0.475 0.487 0.374 0.85 0.374 0.05
van Genuchtenα αvG mm−1 0.001 0.001 0.003 0.03 0.1 0.001
van Genuchtenn nvG 1.4 1.6 3.2 1.8 2 1.2
Hydraulic conductivity Kh mm s−1 0.0019 0.0051 0.0825 0.3 10 0.000001
Thermal conductivity KT W m−1 K−1 2.5 − − − − −

Thermal capacity C J m−3 K−1 2.25× 106
− − − − −

mineral particles (e.g.,Cerḿak and Rybach, 1982; Wegmann
et al., 1998; Šafanda, 1999). Ground is defined here as the
volume below Earth’s surface for which temperature is stud-
ied. Coarse blocks such as typically found on rock glaciers
are important to model permafrost in the Alps. In this set-
ting, we parameterize them with the hydrologic conductivity
of gravel and a high porosity. This allows for a free drainage
of the pore space, and the corresponding air content is ac-
counted for in the calculation of ground thermal conductiv-
ity that constitutes one element of the importance of coarse
blocks for permafrost (Gruber and Hoelzle, 2008). The ad-
vection of air in blocky surfaces, which is a complex problem
that we are not yet in the position to address, is not included
in the model.

The parameter values for silt, sand and clay are taken from
Twarakavi et al.(2010, Table 2). For peat, the parameter val-
ues come from Carey et al. (2007) and Quinton et al. (2008).
Residual and saturated water content for gravel is assumed to
be similar to sand. The van Genuchten parameters and the hy-
draulic conductivity for gravel are approximated fromMaier
et al. (2009). For rock, they are assumed to be the same as
for clay, and the hydraulic conductivity, andθr andθs are as-
sumed to be very small. Measurements of the van Genuchten
parameters for rock were not found in the literature.

2.5 Target variable

Ground temperatures are linearly interpolated between the
simulation nodes that represent layers in the numerical
scheme. Thereby, the modeled MAGT are compared at the
same depths. The annual mean, minimum and maximum val-
ues at 10 cm, 1 m, 5 m and 10 m depth are calculated.

3 Experiments

This sensitivity and uncertainty study was performed based
on the energy- and mass-balance model GEOtop (Rigon
et al., 2006) (Sect.2.1). A local sensitivity analysis (Sect.4.2)
on individual parameters was performed with a special fo-
cus on variations within topographically variable terrain

(Sect.2.4.1). Then, a subset of sensitive physical parameters
was selected to quantify the total parametric output uncer-
tainty of GEOtop (Sect.3.3).

3.1 Preliminary analysis

The parameters that predominantly influence the duration of
snow cover were calibrated in a preliminary analysis, since
snow exerts great influence on ground temperatures through
insulation (Zhang, 2005; Goodrich, 1982). The error of sim-
ulated melt-out day (MD) is compared to MD observed at 39
locations around Piz Corvatsch (Gubler et al., 2011; Schmid
et al., 2012). MD is simulated for diverse parameter sets ob-
tained by globally varying the most important parameters
that influence MD. The simulations are calibrated with the
observations to obtain parameter values that minimize the
difference between model outputs and observations.

3.2 Sensitivity analysis

A model can be regarded as a black box repre-
sented by a functionf (x1,x2, . . . ,xn) = (y1,y2, . . . ,ym),
where (x1,x2, . . . ,xn) are the model parameters and
(y1,y2, . . . ,ym) are the model outputs. To evaluate GEOtop,
a sensitivity analysis on 52 individual parameters is per-
formed to (a) quantify the influence of each parameter on
the output variables of interest and (b) to determine the most
important physical parameters for the subsequent uncertainty
analysis. The sensitivity of a parameterxj is determined by
keeping all parametersxi, i 6= j fixed at their baseline value
Xj 0 = (x10,x20, . . . ,x(j−1)0,x(j+1)0, . . . ,xn0), and varying
xj within values that are physically plausible. The ranges of
the parameters are determined based on review of the litera-
ture and/or expert opinion. However, it must be kept in mind
that, even though intended to be as objective as possible, the
selection of a parameter range has a subjective part that influ-
ences the results and conclusions that are obtained from the
analysis. The variation of the model outputsyk,k = 1, . . . ,m

is evaluated to quantify the local sensitivitiessj,k that are de-
fined here as the range of the 95 % of the simulated outputs.
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Local sensitivities are obtained when each parameter is var-
ied separately and all others are kept fixed. This procedure
contrasts to global sensitivities, where all parameters are
changed simultaneously (e.g.,Saltelli et al., 2004, 2008).

The parameters are categorized into (a) very sensitive pa-
rameters, (b) sensitive parameters and (c) nonsensitive pa-
rameters. Category (a) includes all parameters that are tuned
in a preliminary analysis (Sect.3.1). The second category in-
cludes all parameters having non-negligible influence to the
model outputs. All physical parameters changing MAGT by
at least 0.5◦C in the sensitivity analysis are included in the
uncertainty analysis.

3.3 Uncertainty analysis

A prior distribution is assigned to each of the selected phys-
ical parameters. If a parameter has only positive values, it
is assumed to be log-normally distributed, otherwise it fol-
lows a normal distribution. All parameters are assumed inde-
pendent from each other. Since the study setting is synthetic,
spatial autocorrelation of the parameters are not taken into
account. The location parameter is the average of the param-
eter values determined for the local sensitivity analysis (e.g.,
Table3), and the standard deviation is chosen such that the
range encloses 95 % of the values for a normally distributed
parameter. If a parameter is log-normally distributed (e.g.,
x ∼ L(µ,σ 2)), the expected valueE[X] is the baseline value
, and the variance Var[X] is chosen appropriately represent-
ing the variability of the parameter. The statistical parameters
of the log-normal distribution are

σ = log

(
Var[X]

E[X]
+ 1

)
, (4)

µ = log(E[X]) −
σ 2

2
. (5)

Each parameter is sampled according to its prior distri-
bution, and a GEOtop simulation is performed for each pa-
rameter set. In total, 1500 model simulations were performed
to ensure convergence of the output probability distribution
(Fig. 10). The results are depicted as relative frequency his-
tograms to evaluate the total model output uncertainty, and
are quantified as the length of the 95 % uncertainty interval
of the simulations.

3.4 Model simulations

The sensitivity and uncertainty analyses were performed sys-
tematically for different ground types within a setting rep-
resenting the topographic variability encountered in moun-
tain regions (Sect.2.4). In total, 1200 locations were simu-
lated. The sensitivity analysis required 256 simulations, and
the uncertainty analysis a total of 1500 simulations at each
location. In total, more than 2 million GEOtop simulations
were performed. The simulations are visually analyzed using
small-multiple plots (Tufte, 1983, 1990) (e.g., Fig.7), and are

Snow correction factor: 2

Temperature Lapse Rate [C / km]

Pr
ec

ip
ita

tio
n 

La
ps

e 
R

at
e 

[1
/k

m
]

 15.5 
 16 

 16
.5  17

 

 17.5 

 17
.5 

 18
 

 18.5  18
.5 

 19
 

 19 

 19
.5 

 19
.5 

 20 

 20 

 20.5 

 20.5 

 21 

 21
.5 

 21.5 

 22 

 22
 

 2
2.

5 

 22.5 

 23
 

 23 

 23
.5 

 23.5 

 24 

 24
 

 2
4.

5 

 24
.5 

 25
 

 25
.5 

 25
.5 

 26 

 26.5 

 26
.5 

 27
 

 27
.5 

 27
.5 

 28 

 28
 

 28
.5 

 28
.5 

 29 

 32.5 

 33
.5 

 37 

 38
.5 

 44.5 

−2 0 2 4 6 8

−0
.3

−0
.2

−0
.1

0.
0

0.
1

0.
2

0.
3

Fig. 4. Contour plot of the RMSD for simulated compared to ob-
served MD around Piz Corvatsch, Switzerland (Gubler et al., 2011;
Schmid et al., 2012). The smallest RMSDs are obtained for a a tem-
perature lapse rate 6.5◦C km−1, a snow correction factor of 2 and
a precipitation lapse rate of 0.2 km−1 (indicated by the blue lines).

summarizedat least one ground in box plots for the different
locations and ground types.

4 Results

4.1 Preliminary analysis

A preliminary analysis was conducted to extract reasonable
values of the parameters that most considerably influence
snow duration (i.e., the melt-out day (MD)). The temperature
and precipitation lapse rates and the snow correction factor
were calibrated using MD derived from ground surface tem-
perature measurements around Piz Corvatsch (Gubler et al.,
2011; Schmid et al., 2012). Due to a compensating effect, dif-
ferent parameter combinations lead to similar results (Beven
and Freer, 2000) (Fig. 4). We chose to set the temperature
lapse rate to its most commonly used value of−6.5◦Ckm−1,
resulting in an optimal precipitation lapse rate of 0.2 km−1

and a snow correction factor of 2 (Fig.4). That results in
an average MD error of zero days with a root-mean-squared
error of less than 20 days for both study years 2010 and
2011. Precipitation lapse rate in mountain areas are nor-
mally negative accounting for greater snow accumulation
in high-elevation areas (e.g.,Barringer, 1989). Downward
transportation of snow by avalanches or wind in the study
area, processes that are not represented in GEOtop, may be
the reason for the positive precipitation lapse rate. The sensi-
tivity to different LDR parameterizations was reduced using
the calibration performed byGubler et al.(2012).
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Table 3. Parameters selected for the sensitivity study. The minimum and the maximum indicate the range from which the parameters are
sampled, and base indicates the standard choice used in, e.g., local sensitivity studies. The columns below ”Uncertainty” indicate the proper-
ties of the prior distributions of the parameters considered in the uncertainty analysis. The values of the two LDR parameters (Konzelmann
et al., 1994) change between 0.484 and 0.43, and 5.7 and 8 (Gubler et al., 2012).

Parameter Symbol Unit Base Sensitivity Uncertainty
Min. Max. Distr. Par1 Par2

Numerical parameter

Thickness of first ground layer dzmin mm 20 5 640
Growth rate ground depth b 0.5 0 1
Maximal ground depth zmax m 10 1.25 20
Number of top snow layers nt 4 1 10
Number of bottom snow layers nb 2 1 10
Number of snow layers in middle nm 4 1 64
Typical SWE swem mm 10 1.25 40
Time discretization dt h 1 0.125 4
Richard’s tolerance tolr mm 10−4 10−8 10−4

Heat equation tolerance tolh Jm−2 10−4 10−8 10−4

Model parameter

Minimal wind velocity Vmin ms−1 0.5 0.01 1.28
Minimal relative humidity RHmin % 10 1 10
LDR calibration LDRin,K
Monin–Obukhov param. MO 1 1 4
Water balance WB 1 0 1

Physical parameter

Initial ground temperature Ti
◦C 1 −1 1

Depth above which water drains zf m 10 0.01 10 Unif 0 10
Extinction parameter snow albedocα mm 10 0 200 Log-N 1.71 1.09
Ground roughness rg mm 10 0.01 100 Log-N 1.96 0.83
Dry ground albedo αg,dry 0.2 0.1 0.4 Norm 0.25 0.05
Divisor wet ground albedo fαg,wet 1 1 2.5 Norm 1.75 0.25
Ground emissivity εg 0.96 0.81 0.99 Norm 0.93 0.02
Ground heat flux Qg Wm−2 0.05 −0.1 0.1
Snow roughness rs mm 0.1 0.01 10 Log-N −2.64 0.83
Fresh snow albedo (vis) αs,vis 0.96 0.8 0.96 Norm 0.93 0.02
Fresh snow albedo (nir) αs,NIR 0.65 0.6 0.7 Norm 0.65 0.02
Snow emissivity εs 0.98 0.96 0.99
Snow viscosity vs Nsm−2 106 106 8× 106 Norm 4× 106 2× 106

Ground-snow roughness thresholdcs,r mm 1 0.5 1
Irreducible water saturation snow sw,irr 0.02 0.005 0.08 Log-N −4.02 0.47
Snow density cutoff ds,cut kgm−3 100 75 175 Log-N 4.58 0.2
Dry snow deformation rate dfs,dry % 1 0.75 1.25
Wet snow deformation rate dfs,wet % 1.5 1.25 2.5
Temperature threshold rain Tr,0

◦C 3 0 4 Norm 2 0.5
Temperature threshold snow Ts,0

◦C −1 −3 0 Norm −1.75 0.5
Ozone O3 mm 0.314 0.238 0.39
Ångstr̈omα α

Å
1.38 0.46 2.30

Ångstr̈omβ β
Å

0.039 0.010 0.139 Log-N −3.73 0.99
Albedo to determine SDR αc 0 0 1
Residual water content (F ) fθres 1 0.8 1.2
Saturated water content (F ) fθsat 1 0.9 1.1 Norm 1 0.05
van Genuchten parameterα (F ) fαvG 1 0.75 1.25
van Genuchten parametern (F ) fnvG 1 0.5 1.5 Norm 1 0.25
Hydraulic conductivity (F ) fKh 1 0.01 100 Norm 0 1
Thermal capacity (F ) fC 1 0.8 1.2
Thermal conductivity (F ) fKT

1 0.5 1.5 Norm 1 0.25

Input

Temperature lapse rate 0T
◦Ckm−1 6.5 5.5 7.5

Dew point temperature lapse rate 0DT
◦Ckm−1 2.5 1.5 3.5

Precipitation lapse rate 0P km−1 0.2 −0.1 0.3
Correction factor for precip. cP 2 1.6 2.4
Sensor height wind velocity hw m 2 0.5 16 Log-N 0.66 0.25
Sensor height temperature hT m 2 0.5 16 Log-N 0.66 0.25
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Fig. 5. Sensitivities of the target variable MAGT at 1 m depth [◦C] for sandy ground. The sensitivities of the topographic locations are
summarized as box plots. The greater the spread of the box, the higher the variability of the sensitivity within the topographic setting. The
range of the box plots is equivalent to the “potential of being mislead” by the results of a sensitivity analysis performed at one single location.
See Table3 for an explanation of parameter names.

4.2 Summarized sensitivities

4.2.1 Topographic setting

MAGT sensitivities at different depths correlate strongly, and
hence all the presented results concern MAGT modeled at
1 m depth. The sensitivities to the individual parameters vary
strongly for different topographic factors (Fig.5). Differ-
ences in the temperature lapse rate0T of 2◦Ckm−1 (5.5 to
7.5◦Ckm−1) result in maximal ground temperature differ-
ences of up to 5◦C for an elevation distance of 1000 m be-
tween the modeled location and the meteorological station.
The minimal sensitivity to0T is less than 0.2◦C at locations
of similar elevation as the meteorological station. The sensi-
tivity to the temperature lapse rate increases linearly with the
distance to the meteorological station.

The sensitivity to the dry ground albedo increases at south-
exposed slopes that receive more solar radiation than ad-
jacent slopes exposed to the north (Fig.7). Further, low-
elevation sites are more sensitive to the dry ground albedo
since the snow duration is shorter there. The opposite is the
case for the snow albedo, which has an enhanced sensitiv-
ity at high elevations. The sensitivity to ground roughness,
the height at which wind velocity is measured, and the dew
point temperature lapse rate increases for decreasing eleva-
tions. This indicates the increased importance of the turbu-
lent fluxes in the energy balance for locations of increasing
air temperatures and decreasing solar radiation.

4.2.2 Discretization errors

Ground

The sensitivity to the thickness of the first layerdzmin in-
creases linearly with increasingdzmin for ground types sand,
peat and gravel (Fig.6). For clay, silt and rock, the sensitiv-
ity to dzmin increases only fordzmin ≥ 40mm, while below
that threshold it is zero. The sensitivity todzmin is smaller
for MAGT close to 0◦C, i.e., at high elevations. The high-
est sensitivities todzmin are obtained for peat, gravel and
rock (Fig.9). For rock, this results in changes of almost 4◦C.
Up to 20–40 mm, the median sensitivity todzmin is relatively
small (Fig.8, bottom right figure) for all environmental con-
ditions studied here, and it increases linearly for greater val-
ues. The maximal ground thicknesszmax is not sensitive (ex-
cept for few locations in rock). The ground layer thickness
parameterb is insensitive to all ground types and topographic
settings.

Time

The time step for which the numerical equations are solved
results in maximal MAGT differences of 0.9 to 1.3◦C
changes. The minimal sensitivity to the time step is around
0.2◦C. The sensitivity to the time step is negligible up to
15 min, and then increases linearly (Fig.8, top left figure).
We conclude that, if computation time is no issue, the heat
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Fig. 6. Sensitivities of MAGT modeled at 10 cm depth to the thick-
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eled MAGT in gravel increase linearly for increasing ground thick-
ness (note the logarithmicx axis), while MAGT in clay are constant
for dzmin ≤ 20mm. The sensitivity todzmin decreases for ground
temperatures closer to 0◦C (bottom figures).

conduction and the Richards equation should be solved at
maximally half-hour resolution. Hourly resolution leads to
average differences of around 0.2◦C in the solutions. The
sensitivity todt increases linearly with increasingdt , with
changes of 0.8◦C for a resolution of 4 h in average.

Snow

The number of top layers in the snow module should be set
to at least two, and the maximal value of swem should not
exceed 10 mm to ensure stable ground temperatures. A few
individual locations react nonlinearly to changes in the snow
discretization parameters. We were, however, not able to ex-
plain the nonlinear response at these individual points.

All discretization parameters converge to stable solutions
with average errors between 0.001 and 0.06◦C between the
finest resolutions, allowing for quantification of average dis-
cretization errors (Table4). The initial ground temperature is
not sensitive under all environmental conditions, which indi-
cates that the ground initialization is reliable.

4.2.3 Model-specific parameters

The calibrated LDR parameterization byKonzelmann et al.
(1994) results in difference of 0.6 to 1.2◦C with respect to the
published, original value of the parameterization. Neglecting

the water balance results in changes of 1.5◦C in MAGST in
sandy ground, while for rock or clay, the water balance is not
important. Hence, in these ground types, the water balance
might be neglected to save computational time. The Richard
tolerance, which influences the convergence of the Richard’s
equation for movement of liquid water in ground, is im-
portant in gravel (more than 0.5◦C), whereas for the other
ground types it is insignificant. When modeling ground with
high hydraulic conductivity, the tolerance of the Richard’s
equation should be set sufficiently small (e.g., 10−8).

4.2.4 Physical parameters influencing the
energy balance

The dry ground albedo is the most sensitive parameter. De-
pending on the location, the sensitivity to the dry ground
albedo (0.1 to 0.4) varies from around 0.5 to more than
2.5◦C for clay, for example. It is greatest at south-exposed
slopes, and decreases by around 1.3◦C at north-exposed
slopes. A slight decrease of the sensitivity is observed for
30◦ steep slopes facing north, while 30◦ south-facing slopes
are more sensitive than flat slopes. The increased sensitivity
stays in direct relation to the amount of solar radiation re-
ceived at a locations. The sensitivity to the dry ground albedo
increases strongly with decreasing elevation for all ground
types because the snow duration is shorter at low-elevation
sites. The minimal MAGT change is 0.5◦C at high eleva-
tion, inclined north-exposed slopes, while the maximal sen-
sitivity to the dry ground albedo varies from 2.5 (clay, silt)
to almost 4◦C (rock and gravel) (Fig.9). The wet ground
albedo is less sensitive than the dry ground albedo for all
ground types. It ranges from 0.2 (gravel, sand, peat) to 1.3◦C
(rock). In GEOtop, the value of the wet ground albedo is
used if the water content equalsθsat. Sinceθsat is very small
in rock, the value of the wet albedo is more important than
for other ground types, which explains its higher sensitivity.
That simplification leads to the greater sensitivity of rock to
the wet ground albedo, which in reality is likely not the case.
The snow height for which the snow-ground albedo is inter-
polated has a maximal sensitivity of more than 1◦C, very
similar to the fresh snow albedo. In summary, the surface
albedo determined either by snow, ground or a composition
of both has the greatest influence on MAGT. This supports
the importance of the solar radiation in the energy balance
determining snow melt and the available energy warming the
ground in this environment.

Ground roughness changes MAGT at 1 m depth maxi-
mally by around 1.2 to 2◦C (rock). The height of the wind
velocity meteorological station, the Monin–Obhukov param-
eterization and the dew point temperature lapse rate result
in differences of around 1◦C in MAGT. Turbulent fluxes
as well as longwave radiation have an increased importance
during the night, when no radiation from the Sun reaches
Earth. Snow roughness is less important (0.5◦C) than ground
roughness since the snow surface is more homogeneous.

Geosci. Model Dev., 6, 1319–1336, 2013 www.geosci-model-dev.net/6/1319/2013/
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Fig. 7. Small multiple plots of normalized box plots of MAGT at 1 m depth [◦C], simulated at all topographic locations for different ground
albedo values. The box plots represent the different model outputs. The length of the 95 % uncertainty range of each box plot indicates the
sensitivity to dry ground albedo at each location.

Table 4.Average discretization errorε [◦C] of MAGT modeled at 1 m depth due to the different discretization parameters.

dt 1800 3600 7200 14 400
εdt 0 0.027 0.113 0.226

nm 64 32 16 8 4 2 1
εnm 0 0 0 0.001 0.013 0.004 0.023

swem 1.25 2.5 5 10 20 40
εswem 0 −0.025 −0.032 −0.02 0.093 0.225

nb 10 9 8 7 6 5 4 3 2 1
εnb 0 0 0 0 0 0 0 0 0 0.001

nt 10 9 8 7 6 5 4 3 2 1
εnt 0 0 0 0 0 0.001 0.002 0.004 0.004 0.172

dzmin 5 10 20 40 80 160 320 640
εdzmin 0 0.061 0.138 0.231 0.444 0.749 1.11 1.535

zmax 20 000 10 000 5000 2500 1250
εzmax 0 −0.004 −0.001 −0.002 −0.098

b 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
εb 0 −0.001 0.002 0.001 −0.006 −0.003 −0.001 −0.001 −0.033 −0.022 −0.014

www.geosci-model-dev.net/6/1319/2013/ Geosci. Model Dev., 6, 1319–1336, 2013
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Other parameters such as temperature threshold for snow,
the thermal conductivity, the̊Angstr̈om parameterβ and the
snow viscosity change MAGT by around 0.5◦C. The remain-
ing parameters have a maximal sensitivity that is less than
0.5◦C for all studied locations and ground types. These pa-
rameters, as well as the very sensitive parameters, were ex-
cluded from the subsequent comprehensive uncertainty anal-
ysis to reduce the parameter space.

4.2.5 Hydraulic properties of different ground types

The sensitivity of parameters influencing the water content in
the ground such as the hydraulic conductivityKh, the surface
above which all water drainszf , the saturated water content

and the van Genuchten parametern vary strongly for the dif-
ferent ground types (Fig.9). The sensitivities range from 0.2
(rock) to 2◦C (sand and peat) differences at 1 m depth forzf ,
from 0.3 (rock) to 0.5 (clay, sand, gravel) to 1.2◦C (peat) for
θsat, and from 0.2 (rock) to 1.2◦C (peat) fornvG.

4.3 Uncertainties in modeled MAGT

Two arguments support the parameter selection for the uncer-
tainty analysis: (a) we exclude all numerical, discretization
and model specific parameters since these parameters add
to model error and not to model uncertainty and (b) include
only parameters that influence ground temperature for more
than 0.5◦C and at least one ground type (Fig.9). All other
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Fig. 10.Standard deviation of the model MAGT at 10 cm depth for
increasing number of simulations (sand) at four arbitrarily selected
points. Convergence is reached at approximately 750 simulations
(indicated by the red line).

parameters are fixed at their baseline value. The remaining
parameters are sampled randomly according to their prior
distribution (Table3). In total, 1500 simulations were run;
however 750 would suffice to ensure convergence (Fig.10).

A plot of the frequency histograms at a location at 3500 m
for the different depths is given in Fig.11 (in the year 2010).
At 10 m depth, we observe a non-Gaussian temperature dis-
tribution with values mostly below the freezing point of wa-
ter. Closer to the surface, the simulated temperatures are
higher than 0◦C. Since the initialization (1995–2000) of the
ground temperature was done in a period of cold air temper-
atures, the ground was frozen. In the time after, air tempera-
tures increased and the ground thawed. However, not enough
energy was available to melt the ground column down to the
bottom, which we observe in the distribution of the simula-
tions at the lowest node. We can see that if ground tempera-
tures are close to the freezing point, the frequency histogram
of model simulations may be non-Gaussian. For this reason,
the parametric model output uncertainty is expressed as the
length of the 95 % uncertainty interval.

The parametric uncertainty varies from 0.4 to 1.5◦C for
MAGT modeled in clay and silt. It is higher in sand, peat,
gravel and rock (Fig.12). In rock, the uncertainty decreases
with increasing depth, as would be expected if integrating
over a larger surface area. The increased uncertainty in sand,
peat and gravel underlines the importance of accurate esti-
mates of the hydraulic properties in these ground types. The
parametric output uncertainty decreases for increasing ele-
vation for all ground types. This can be attributed to the
increased sensitivity to parameters influencing the energy
balance at low-elevation sites, i.e., the ground albedo or
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Fig. 12.Boxplots of the total output uncertainty for all topographic
locations, presented for all ground types and depths. The parametric
uncertainty is increased for sand, peat, gravel and rock.

roughness (Sect.4.2). The environmental variability of the
model uncertainties is not as pronounced as in the sensitivi-
ties, but differences between individual locations can still be
observed.

Ground temperatures at greater depths integrate over
larger surface areas (Gold and Lachenbruch, 1973), and are
hence expected to be less variable than at the surface. Since
the heat conduction is solved in one dimension in GEOtop,
integration over large areas is not represented in these sim-
ulations. This may explain the constant size of the uncer-
tainties at different depths. To study the influence of depth
on model uncertainties, an uncertainty analysis should be
performed solving the heat conduction in three dimensions.
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However, the spatial autocorrelation of the parameters would
have to be taken into account.

Model uncertainty at the surface is comparable with vari-
ability of ground surface temperatures measured within
10 m× 10 m cells. These range from approximately 0.25 at
homogeneous grass sites to 2.5◦C in block fields, expressed
as the total range (Gubler et al., 2011). The fine-scale envi-
ronmental variability is similar to the parametric uncertainty
found for modeled MAGT at 10 cm depth.

5 Discussion

5.1 The relevance of representative model evaluation

The synthetic environment allowed for us to quantify model
sensitivity and uncertainty under differing environmental
conditions. The selected setting allowed for quantification
of the influence of individual parameters for different envi-
ronmental conditions, as well as identification of locations
where model sensitivities and uncertainties are largest. These
findings can inform future measurement campaigns. Model
uncertainty (for a given location, time and variable) can be
interpreted as one metric for the benefit of an individual
measurement. It does, however, not provide information on
the correspondence of model results with reality, and should
therefore be treated with care, and as one of several met-
rics to inform the design of measurement campaigns. Spa-
tially distributed ground albedo measurements would, espe-
cially at low-elevation and south-exposed sites, strongly de-
crease the uncertainty of mountain permafrost models, and
result in more-accurate model outputs. Other parameters are
sensitive only under specific conditions, such as, for ex-
ample, the hydraulic properties of the ground. A study on
rock faces alone results in an insignificant influence of the
hydraulic properties on modeled ground temperatures. Ap-
plied to other ground types such as sand, peat or gravel,
this conclusion that the hydraulic properties are insignifi-
cant is wrong. Hence, evaluation of spatially distributed mod-
els should cover the main environmental properties of the
modeling domain, since otherwise important model features
could be missed. A recent study obtained similar results con-
cerning the variability of model sensitivities and uncertain-
ties due to differing topographic and climatic conditions for
a snow model (He et al., 2011).

Thus, the presented environmental setting allowed for us
to draw representative conclusions about the sensitivity and
uncertainties of modeled MAGT in mountain regions. The
results could be extended to modeling lowland areas, where
the environmental variability may be, for example, expressed
as differences in vegetation. The study contributes to the re-
quest byGupta et al.(2008) for more representative model
evaluation.

5.2 Sensitivities and uncertainties of the
physically based model GEOtop

Snow is important in determining the thermal state of the
ground (Goodrich, 1982; Keller and Gubler, 1993; Ishikawa,
2003; Luetschg et al., 2008). Parameters such as the tem-
perature lapse rate or the correction factor for the precipita-
tion measurement strongly influence snow duration, but have
opposite effects. A higher lapse rate, for example, leads to
warmer air temperature at low-elevation sites (if the meteo-
rological station is located above the simulated locations),
and results hence in faster melt-out. This is compensated
by enhanced snow accumulation due to a greater precipita-
tion lapse rate or higher precipitation correction factor. This
compensating effect between different parameters is widely
known as equifinality (Beven and Freer, e.g., 2000). A sim-
ilar result was obtained byEssery and Etchevers(2004) for
the influence of the radiative and turbulent fluxes on snow
melt, for which different parameter combinations provided
equally well behaving model outputs. Combination of differ-
ent measured quantities could reduce the problem and lead to
arguments for model improvement if conflicting results are
obtained (Essery and Etchevers, 2004). GEOtop, and prob-
ably any physically based permafrost model, would benefit
from validation with distributed time series of snow height
(or SWE) in order to distinguish between snow accumula-
tion and melting processes. Similarly, mountain permafrost
models could benefit from individual calibration of param-
eters influencing the energy balance such as the roughness
length (e.g.,Andreadis et al., 2009) or ground albedo (e.g.,
Hoelzle, 1996; Gruber, 2005).

The ground albedo, which determines the net shortwave
radiation at Earth’s surface in summer, was the most impor-
tant parameter when modeling MAGT. The importance of
ground albedo in permafrost models has already been in-
vestigated by Hoelzle (1996), Ling and Zhang (2004) and
Gruber (2005). Similarly, snow albedo is important since it
strongly influences snow melting (Etchevers et al., 2004).
Here, changes in the snow albedo changed MAGT by around
1◦C. The parameters influencing the turbulent fluxes deter-
mine snow melt (e.g.,Etchevers et al., 2004) and change
MAGT by around 0.5 to 1.5◦C. Calibration of theKonzel-
mann et al.(1994) LDR parameterization (e.g.,Gubler et al.,
2012) changes MAGT also by around 1◦C. This supports
the relevance of calibrating physically based models (e.g.,
Beven and Binley, 1992; Gupta et al., 1998), and underlines
the importance of evaluating individual processes separately
if used in impact models, as, for example, done by Stocker-
Mittaz et al. (2002) for mountain permafrost research. Some
of the discretization parameters such as the time step at which
equations are solved, as well as the thickness of the ground
and snow-pack layers change MAGT by more than 1◦C. The
temporal resolution should optimally be half an hour to en-
sure an error of less than 0.1◦C. Thickness of the uppermost
ground layer of 20 mm results in 0.1◦C difference from the
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smallest discretization chosen (e.g., 5 mm). The findings con-
cerning the time step and the thickness of the uppermost soil
layer are comparable to the findings byRomanovsky et al.
(1997), who compared the behavior of three numerical per-
mafrost models with analytical solutions of the heat conduc-
tion.

The sensitivity of the hydraulic parameters that determine
the shape of the water retention curve varies strongly for the
different ground types. For clay and rock, the sensitivity is al-
most negligible, while for sand or gravel, the van Genuchten
parametern, θsatand the hydraulic conductivity play a major
role. Seaman et al.(2009) found thatn, θsat andθres are the
most important parameters to predict water retention in sand.
The hydraulic conductivityKh, θsat andθres were most im-
portant to estimate ground moisture inMertens et al.(2005),
while Jhorar et al.(2002) recommended fittingα, n andθsat
when using the van Genuchten parameterization. The sen-
sitivity of the van Genuchten parameters are hence contro-
versial in the literature (e.g.,Pollaco and Mohanty, 2012). In
this study, we found that the hydraulic conductivity, the shape
parametern and the porosity most strongly influence MAGT
for sand, peat and gravel. The variable sensitivity observed
for the different soil types may by a reason for the controver-
sial sensitivities found in the literature. These results under-
line the importance of systematic model evaluation for differ-
ent environmental settings, since otherwise important model
features are missed and would lead to wrong conclusions.
Extrapolation of model uncertainties to locations of different
environmental conditions is not feasible unless a systematic
analysis spanning the environmental variability is performed.

The total parametric uncertainty goes from 0.5 to 1.5◦C
for clay and silt, and increases up to around 2.4◦C for peat,
sand, gravel and rock. This underlines the importance of hy-
draulic properties of ground types having high hydraulic con-
ductivity and high porosity. In general, uncertainty is greater
at low-elevation sites since the sensitivity to the ground
albedo, as well as the turbulent fluxes, increases at low-
elevation sites. Parametric uncertainty of MAGT at differ-
ent depth is almost constant. The parametric model uncer-
tainty is comparable to small-scale environmental variabil-
ity of ground surface temperatures measured in Switzerland
(Gubler et al., 2011).

This analyses performed in this study are of theoretical and
practical relevance. The synthetic model setting allowed for
quantification of the variability of model uncertainties within
highly variable terrain as typically encountered when mod-
eling mountain permafrost. To use GEOtop operationally, it
should, however, be validated with spatially distributed mea-
surements after an in-depth evaluation of all processes in the
field. The diverse model parameters should be calibrated to
local conditions to increase the accuracy of the model. Com-
bination of both uncertainty and validation studies would
provide additional insights on the model’s ability to repro-
duce the processes that are relevant for mountain permafrost.

6 Conclusions

6.1 Environmental variability

Sensitivity and uncertainty studies are widely known to in-
form model use and model improvement. We have shown
that model sensitivities and uncertainties can vary strongly
as a function of the geographic location at which the model-
ing study is performed. The results support the importance of
systematic and representative model evaluation (e.g.,Gupta
et al., 2008) such as to evaluate models within a setting that
represents typical situations of the modeling domain. The
systematic setting allows for comparison of our physical un-
derstanding of key processes for a variety of test cases. We
conclude that considering environmental variability when an-
alyzing model uncertainties is important to gain confidence
in the conclusions made about the model and the modeled
outputs. Before applying a model in a certain setting, a mod-
eler should therefore determine the most important environ-
mental variables (topography, differing soils, plants, etc.) that
may influence model outputs. However, it is also important
to note that in determining the most important variables, the
modeler makes assumptions about how to abstract particular
processes that may not reflect reality. Nonetheless, by carry-
ing out a systematic model assessment, it is possible to evalu-
ate the influence of model parameters on the processes being
represented.

Based on these input factors that represent the modeling
domain, a systematic model assessment should be under-
taken. Otherwise, if model evaluation is done at few points
in the modeling domain, important model features might be
missed, and misleading conclusions might be drawn. For ex-
ample, model sensitivities assessed at a south-exposed lo-
cation might lead to an overestimation of the sensitivity to
ground albedo in comparison to north-exposed locations.
The possibility of detecting model deficiencies is increased
when systematic and representative model evaluations are
performed. The methods presented in this study proved use-
ful in the study of the uncertainties of a distributed physical
model used in mountain permafrost research within highly
variable terrain. The high computational effort undertaken
by simulating all combinations of environmental variables
provided reliable results. The effort could, for future studies,
however be reduced by using a probabilistic approach (e.g.,
Latin hypercube sampling).

6.2 GEOtop sensitivities and uncertainties

Uncertainties in modeled MAGT mainly come from uncer-
tainties in the snow conditions and the individual compo-
nents of the energy balance. The sensitivities are highly vari-
able in variable topographies. To improve modeling results,
spatially distributed measurements of snow, the components
of the energy balance and ground conditions are required
at locations of greatest uncertainties. These uncertainties
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include both modeling and measurement uncertainties due to
heterogenous environmental conditions (e.g.,Gubler et al.,
2011). These spatially distributed measurements should be
used to validate and calibrate physically based models such
as GEOtop in order to improve the general ability to model
ground temperatures in mountain regions.

Accurate estimates of the hydraulic properties are required
for soil types peat, sand and gravel to reduce MAGT mod-
eled with GEOtop. While the result about the sensitivity of
the soil types may differ for other permafrost models, it again
underlines the importance of a representative model evalua-
tion setting. Finally, missing processes, such as advection in
blocky terrain, should be integrated into future versions of
GEOtop.
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