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Abstract
Effects of parameterization of subgrid-scale topography and land cover scheme (SubBATS) at 1-km resolution were investi-
gated over the Alpine region using a regional climate model. Two multi-year simulations were carried out with the Regional 
Climate Model of International Centre for Theoretical Physics. The control simulation was carried out at 10-km horizontal 
resolution using standard land-surface model; while for the SubBATS simulation, the land-surface model was employed at 
much higher resolution (1 km) to investigate the effect of land-surface heterogeneity on the Alpine climate. In SubBATS, 
near-surface atmospheric state variables from coarse (10-km) atmospheric model were disaggregated to 1 km before pass-
ing to high-resolution land surface scheme. Comparison of these two multi-year simulation was done for the Great Alpine 
Region. The analysis shows the added value imparted by very high-resolution SubBATS in simulating hydrology processes 
in the complex terrain. The direct effects of the scheme are evident on height-dependent variables; temperature and snow 
pack. The better representation of topographic height in sub-scale scheme leads to more refined temperature field which 
subsequently results in more realistic representation of snow cover and snow melt. At 1-km resolution, the influence of 
resolved mountain peaks and valleys results in decrease of snow-covered area. The subgrid scheme not only improves the 
overall simulation by feedback process but also provides high-resolution meteorological fields that can be used for adaptation 
and impact studies. Therefore, more accurate representation of land-surface heterogeneity in sub-grid approach improves the 
temperature and snow fields over the complex terrain and can be useful for coupling with impact models, although further 
improvements are desirable.
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1 Introduction

Recent advances in computer resources, availability of high 
spatial resolution observations and the demand of climate 
information at local scale by climate-impact modellers 
have motivated the regional climate modelling commu-
nity to apply climate modelling at increasingly higher spa-
tial resolution using regional or global climate models. In 
recent years, numerous studies have proved the added value 
of high resolution, and hence emphasised the use of very 

high-resolution and even convection-permitting regional 
climate simulations (e.g., Termonia et al. 2018; Prein et al. 
2015; Cholette et al. 2015; Ban et al. 2014; Kendon et al. 
2014; Jacob et al. 2014; Chan et al. 2013; Pavlik et al. 2012; 
Hohenegger et al. 2008). Though the convection-permitting 
models (CMPs) can be deployed at horizontal resolution of 
less than a kilometre (e.g., Mölg and Kaser 2011; Schicker 
and Seibert 2009), yet the typical horizontal grid spacing 
used in recent high-resolution climate studies ranges from 
10 to 15 km. For example, the first high-resolution climate 
change projections for impact studies in Europe (EURO-
CORDEX) were completed with a horizontal resolution of 
12.5 km (Jacob et al. 2014). Such high resolution is achieved 
through cascade method using multiple-grid nesting between 
the RCM and the driving fields. In another study, de Vries 
et al. (2014) performed simulations with horizontal grid 
spacing of 12 km to study changes of mean snowfall and 
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seasonal extremes. The CPMs (with horizontal grid spac-
ing less than 4 km) which are mainly used in short-range 
weather forecasting are slowly propagating to regional cli-
mate modelling. Prein et al. (2015) provided an overview 
of all the CPM climate simulations performed to-date and 
considered the CPMs as a very promising tool for future cli-
mate research. For example, Kendon et al. (2012) found that 
precipitation over a region of the United Kingdom simulated 
by the 1.5-km CMP simulation is much more realistic than in 
the high-resolution 12-km RCM simulation. Similarly, Ras-
mussen et al. (2011) reported improvement in distribution 
of snowfall with 2-km CPM simulation compared to 36-km 
grid-mesh simulation. Although the convection-permitting 
climate simulations reduce errors in large-scale model, yet 
due to very high computational cost, their use in climate 
studies is still limited.

The regional climate models with horizontal resolution 
of 10 km are not capable of resolving big mountain valleys 
(e.g., Inn valley in Austria) in a proper way due to orographic 
smoothing in the model. The near-surface meteorological 
parameters simulated by an RCM in mountainous regions 
represent the situation at an average elevation within the grid 
box. However, accumulation and melting of snow, runoff 
and evaporation particularly depend on surface temperature 
and hence on surface topography. Even dependence of snow 
accumulation on changes in temperature is influenced by the 
surface elevation (Hantel et al. 2000). As snow cover has 
profound impact on surface energy budget, a realistic snow 
modelling is crucial for mountainous regions. For example, 
Rasmussen et al. (2011) found that horizontal resolution less 
than 6 km is required for reasonable snow accumulation in 
the Colorado Rocky mountains. A similar study by Garvert 
et al. (2007) suggested the use of grid sizes below 4 km to 
properly simulate snowfall over the complex terrains of Cas-
cade mountain range in Oregon. A simulation with horizon-
tal resolution of 4 km with a CPM would require an inten-
sive use of computational resources; therefore, running an 
RCM at such a high resolution for months or multiple years 
is not feasible for many institutions. Therefore, we deployed 
an intermediate approach where benefits of high resolution 
were achieved using subgrid parameterization and hence 
reducing the dependence of climate models on spatial reso-
lution. For example, Leung and Ghan (1995) used a mosaic 
scheme with different elevation classes within a grid cell to 
simulate the effects of sub-grid scale topographic variation 
when it was poorly resolved by the regional climate model. 
Later, a parametrization of sub-grid-scale elevation and land 
cover was developed and implemented in the framework of 
regional climate model RegCM3 (Giorgi et al. 2003). In this 
scheme, each coarse grid box is divided into regular, fine-
scale sub-grids for calculations by the land surface model to 
capture the effects of subgrid scale variations arising from 
refined topography and land cover.

The subgrid surface scheme in RegCM3 not only pro-
duces fine-scale information at the surface but also improves 
overall simulation of near-surface air temperature in moun-
tainous region, and a more realistic simulation of snow 
as driven by complex terrain features in the mountains 
(e.g., Dimri 2009; Im et al. 2010). Dimri (2009) studied 
the effects of subgrid scheme on surface climate over the 
Himalayas, where heterogeneities in topography and lan-
duse are very high. He reported that the subgrid scheme in 
RegCM3 provides more realistic representation of resolv-
able fine-scale surface and atmospheric circulations which 
results in explaining mean variability in a better way. The 
subgrid surface scheme remarkably affects the variability of 
near-surface temperature and snow accumulation, as well 
as the winter precipitation over the Himalayan region. In 
most cases, the results from subgrid scheme are in better 
agreement with observations. Moreover, representation of 
the subgrid scale scheme has significant impact on the vari-
ability of the surface processes. Similarly, Im et al. (2010) 
evaluated results of the subgrid scheme over the European 
Alps. They concluded that the hydrological cycle includ-
ing precipitation is not very much affected by the subgrid 
scheme but runoff at small-scale catchments is improved by 
the subgrid disaggregation.

In this paper, we have quantified the effect of SubBATS 
scheme at 1-km horizontal resolution on the simulated snow 
accumulation and snow melt and the resulting changes on 
the surface radiation and water budget. The present study 
was conducted during the EC FP6 Project CECILIA (Cen-
tral and Eastern Europe Climate Change Impact and Vul-
nerability Assessment; Halenka 2010). In CECILIA, high-
resolution (10-km) simulations over different domains of the 
European region were performed with RegCM3.

The paper is organised in different sections. Section 2 
highlights the model, input data, observational data, evalu-
ation methods and experiment design; whereas, the results 
and discussion are presented in Sect. 3. And finally, the sum-
mary and conclusions are presented in Sect. 4.

2  Model, Data and Evaluation Methods

2.1  Model

The model used in the present study is Regional Climate 
Model (RegCM3) which is developed and maintained by the 
Abdus Salam International Centre for Theoretical Physics 
(ICTP). RegCM3 is described in detail by Pal et al. (2007). It 
is a hydrostatic, limited area, primitive equation model which 
uses sigma-pressure as vertical coordinate. A summary of 
various parameterizations and physical schemes used in this 
study is provided as follows. The medium-resolution plan-
etary boundary scheme developed by Holtslag et al. (1990) 
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and radiative transfer package of the NCAR Community Cli-
mate Model, version 3 (CCM3; Kiehl et al. 1996) were used. 
Fluxes from water surfaces were calculated by the scheme of 
Zeng et al. (1998). Large-scale precipitation processes were 
handled with subgrid explicit moisture scheme (SUBEX) of 
Pal et al. (2000). The SUBEX is a physically based param-
eterization scheme which calculates the auto-conversion of 
cloud water to rainwater, evaporation, accretion and cloud 
fraction at grid point level. The mass flux scheme of Grell 
(1993) with Fritsch and Chappel (1980) closure assumption 
was employed for parameterization of convective precipita-
tion. Biosphere–atmosphere transfer scheme (BATS) version 
1e (Dickinson et al. 1993) accounted for the exchanges of 
energy, momentum and moisture between the atmosphere 
and land surface. RegCM3 has already been updated to ver-
sion 4 as discussed in details by Giorgi et al. (2012), but 
for the present study, we intentionally selected version 3 to 
be consistent with other studies conducted for the project. 
In latest version of the model, some parameters of SUBEX 
scheme were changed but there has been no improvement in 
SubBATS scheme. As discussed in Nadeem and Formayer 
(2015), the original version of SUBEX scheme is more suit-
able for our study area, which is an important factor favour-
ing our selection of RegCM3 for this study.

2.2  Subgrid Parameterization

The biosphere–atmosphere transfer scheme (BATS) is the 
standard land surface model in RegCM3. BATS is respon-
sible for the exchange of energy, water, and momentum 
between the surface and atmosphere through the atmos-
pheric boundary layer (Dickinson et al. 1993). The Sub-
BATS scheme adopts a regular fine-scale surface subgrid 
for each coarse grid cell of model domain. Meteorological 
variables are disaggregated from the coarse model grid to 
the fine grid based on the elevation difference between the 
subgrid and corresponding coarse grid cells. With this disag-
gregation procedure, low-elevation subgrid cells are charac-
terised by higher 2-m temperature and water vapour mixing 
ratio than high-elevation subgrid cells. During the simula-
tion, land-surface calculations are performed separately for 
each subgrid cell and then surface fluxes are re-aggregated 
onto the coarse grid cell for input to the atmospheric model. 
Precipitation does not correlate easily either with elevation 
or with land cover type; therefore, precipitation disaggrega-
tion is not straightforward. Only subgrid disaggregation of 
temperature and water vapour has been implemented (Giorgi 
et al. 2003). The large-scale precipitation flux at each sub-
grid cell is the same as for the corresponding coarse grid 
cell. However, the convective precipitation is randomly dis-
tributed over 30% of the subgrid cells. Despite the limita-
tions, the subgrid surface scheme is a cheap and effective 
alternative to convection-permitting simulations.

2.3  Input Data

As a lateral boundary condition (LBC), we used the 
gridded reanalysis data, ERA-Interim with resolution of 
0.7◦ × 0.7◦ (Dee et al. 2011) provided by European Cen-
tre for Medium-Range Weather Forecasts (ECMWF). The 
weekly optimum interpolation (OI) sea surface tempera-
ture (SST) analysis version 2 was used as surface boundary 
conditions (Reynolds et al. 2002). The OISST, produced 
by NOAA, has resolution of 1 ◦ . In RegCM3, LBCs and 
SST are updated every 6-hourly through the relaxation 
method explained by Giorgi et al. (1993). The high-reso-
lution ERA-Interim used in this study is available to regis-
tered users through C3S Climate Data Store (CDS) imple-
mented by ECMWF. High-resolution SubBATS at 1 km 
also require accurate digital elevation model (DEM) data 
with horizontal resolution of less than 1 km. Similarly, 
sub-kilometre scale land cover information is also neces-
sary for the simulations. Such a high-resolution input DEM 
and Land cover are not supported by the default version of 
the RegCM3 and hence, input terrain code was modified to 
implement these high-resolution input datasets. We used 
near-global DEM from Shuttle Radar Topography Mission 
(SRTM) and land cover from Global Coverage and Global 
Land Cover Characterization (GLCC) at resolution of 30 
arc-sec ( ∼ 900 m). Both SRTM30 and GLCC30 are freely 
available from the official website of United States Geo-
logical Survey (USGS).

2.4  Experiment Design

To find the best setup for multi-year SubBATS simulation, 
we performed a suite of 1-year-long hindcast simulations 
with different lateral boundary conditions, domain size and 
nesting techniques. The results of our sensitivity studies 
suggested the use of direct nesting with high-resolution 
ERA-interim and not too big domain size (Nadeem and 
Formayer 2015). Control and SubBATS simulations were 
performed for 6-year period from Jan 1999 to Dec 2004. 
The model was, however, initialized on October 1, 1998 
to allow 3 months of spin-up time. The topography and 
land cover for the control simulation at 10-km resolution 
and the SubBATS simulation at 1 km are shown in Figs. 1 
and 2, respectively. The Great Alpine Region defined in 
the Alpine Convention (Chatré et al. 2010) is highlighted 
with thick white line. The more realistic representation 
of Alpine valleys and mountain ridges in the SubBATS 
experiment can be clearly seen. In Fig. 3, frequency distri-
bution of elevation is shown for both experimental setups 
for the Alpine region. The control experiment underesti-
mate very low and very high altitudes, due to smoothing 
at the coarser resolution.
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2.5  Reference Data

Observed gridded precipitation data obtained from Swiss 
Federal Institute of Technology, Zurich ETHZ were used 
for evaluation of precipitation (Isotta et al. 2014). The daily 
observed gridded precipitation (hereafter EURO4M) cov-
ers the European Alps and surrounding flat areas (4.8–17.5◦

E/43–49◦N). The distribution of precipitation is estimated 
for all days of the period 1971–2008. Estimates are based on 
data from more than 8500 weather stations of meteorologi-
cal and hydrological services. The analysis is provided on a 
regular grid in the ETRS89-LAEA projection, with a grid 
size of 5 × 5 km. The high density of observational input 
data contributes to quantitative accuracy and high effective 
resolution (approx. 10–20 km) of precipitation estimates in 
the source region of four major European rivers. A detailed 
description of and climatological analysis with this dataset 
are given by Isotta et al. (2014). The EURO4M precipitation 
data were upscaled to RegCM3 grid using grid remapping 
routines of Earth System Modelling Framework (ESMF) 
developed by NOAA, USA. To ensure that area average do 
not change after regridding from one grid to another, the 
conservative remapping method was used (Jones 1999). 
For evaluation of temperature, we used high-resolution 
European daily gridded temperature dataset produced using 
the European Climate Assessment and Dataset (ECA&D) 
blended daily station data. These observed temperature data 
(hereafter E-OBS; Haylock et al. 2008) are available 0.25◦ 
regular lat-lon grid and covers Europe and parts of Middle 
East and Northern Africa. For current study, version 14.0 of 
E-OBS was used. The RegCM3 simulated temperature was 
re-sampled to E-OBS grid and also corrected according to 
elevation differences.

2.6  Evaluation Methods

The evaluation of daily modelled temperature and precipi-
tation was carried out using skill-scores discussed in detail 
by Nadeem and Formayer (2015). The total skill score is 
weighted sum of bias skill score and Fischer’s skill score. 
The bias skill score accounts for model’s ability to repro-
duce absolute values of a variable whereas the Fischer’s 
skill score is measure of the accuracy of a model to pro-
duce correct spatial distribution of a meteorological field 
in consideration. The value of total skill score of a field lies 
between 0 and 1.0, where 1.0 indicates a perfect agreement 
of the model with observations. The total skill score which 
is basically the measure of model’s spatial performance was 
calculated on daily basis.

To compare simulated snow with observed snow in the 
Austrian Alps, both quantities have to be in the same unit. 
The observed snow measurements at stations, by the Cen-
tral Institute for Meteorology and Geodynamics, Austria 

(a)

(b)

Fig. 1  RegCM3 domain showing topography at 10-km (BATS) and 
1-km (SubBATS) resolutions

(a)

(b)

Fig. 2  Landuse types of 10-km BATS and 1-km SubBATS domains
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(ZAMG) are recorded as snow depth in metre. However, the 
model output gives snow water equivalent (SWE) in units 
of mm. As SWE has more hydrological significance, we 
converted observed snow density to snow water equivalent 
for comparison. Jonas et al. (2009) developed a regression 
model based on 11,147 records of snow densities and depths 
measured in Swiss Alps, to calculate SWE from four factors. 
In order of relevance, these factors are: season, snow depth, 
station elevation, and climate region. The snow depth (HS), 
bulk density ( �b ), and snow water equivalent (SWE) are 
interconnected to one another through this relation:

where �b is given by:

In both Eqs. (1) and (2), SWE is given in kg/m2 , HS has 
units m, and �b is expressed in kg/m3 . The values of pair (b, 
a) are given in Table 1. The least significant quantity offsetreg 
has no value for the Austrian Alps; therefore, we set it to 
zero for our calculations.

3  Results and Conclusions

3.1  Control Simulation Versus Observations

In this section, we compared the model simulated precipita-
tion and 2-m temperature against observation. Instead of 
showing spatial plots of absolute values or bias plots calcu-
lated against observations, we employ a more sophisticated 

(1)SWEmod = HSobs × �bmod,

(2)�bmod = a × HSobs + b + offsetreg

approach by comparing model against observation using 
skill-scores. The total skill-scores (TSS) which are weighted 
sum of Fischer’s Skill Scores (FSS) and Bias Skill Scores 
(BSS) represent the spatial correlation and biases between 
the model and observations. The TSS also show the model 
agreement with observation on temporal scale. The TSS are 
calculated on daily basis for simulated precipitation versus 
EURO4M and for modelled 2-m temperature versus E-OBS. 
Monthly means of the daily scores for each year along with 
monthly climatologies for the 6-year period are plotted and 
shown in Fig. 4. For precipitation equal weightage is given 
to both scores; TSS = � FSS + ( 1 − � ) BSS, where � = 0.5 . 
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Fig. 3  Histogram of elevation distribution of the Alpine region for BATS and SubBATS

Table 1  Regression coefficients (b, a) to calculate snow water equiva-
lent (SWE) from snow density according to Eqs. (4) and (5) (source: 
Jonas et al. (2009))

The na. values mean too little data is available to establish a regres-
sion model

Altitude ≥ 2000 m ≥ 1400 m and < 
2000 m

≤ 1400 m

October na. na. na.
November (206, 47) (183, 35) (149, 37)
December (203, 52) (190, 47) (201, 26)
January (206, 52) (208, 47) (235, 31)
February (217, 46) (218, 52) (279, 9)
March (272, 26) (281, 31) (333, 3)
April (331, 9) (354, 15) (347, 25)
May (378, 21) (409, 29) (413, 19)
June (452, 8) na. na.
July (470, 15) na. na.
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As temperature is mostly well correlated within the Alpine 
region, more weightage is given to BSS by choosing � = 0.4 . 
The upper panel shows the TSS for precipitation for each 
year of the simulation. The model shows higher skill in 
simulating precipitation in winter months than in summer. 
This is because RegCM3, like other models, is not very effi-
cient in simulating Mediterranean cyclones and small-scale 
convective events which are responsible for most of the pre-
cipitation in the Alpine region in summer.

In general, the model shows good agreement with obser-
vations. The lower panel shows TSS for 2-m temperature. It 
is evident that the model performs equally well in all months 
and no annual cycle can be seen in the TSS. The higher 
skill scores for temperature can be explained by the more 
homogeneous structure of temperature field compared to the 
precipitation field. The skill scores are dominated by cor-
rect representation of the dynamics within the model (e.g., 
pressure distribution, baroclinicity). As the dynamical part 
for the BATS and SubBATS versions of the model is the 
same, skill score does not differ significantly between the 

two different setups. In general, the results of skill score 
analysis indicate an appropriate set up of the model.

3.2  BATS Versus SubBATS

As the disaggregation in SubBATS scheme is mainly based 
on elevation, its direct affects are evident on height-depend-
ent variables; temperature and snow pack. In Fig. 5a, d, 
near-surface air temperature for BATS and SubBATS is 
shown. The better representation of topographic height 
in sub-scale scheme leads to more realistic temperature 
field which subsequently enhances snow accumulation in 
the Alps. In Fig. 5b, e average snow accumulation and in 
Fig. 5c, f average of the number of days with snow cover 
(snow water equivalent > 2 mm) are shown for the period 
1999–2004. At 1-km resolution, influence of resolved moun-
tain peaks and valleys results in decrease of snow-covered 
area. This can also be seen in domain average values on 
the upper right corner of each plot. In the sub-scale simu-
lation, there is 10% reduction in fraction of snow-covered 

Fig. 4  Monthly total skill-
scores calculated for each year 
for a precipitation and b 2-m 
temperature

(a)

(b)
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area (Fig. 5e). Comparison of large-scale and connvective 
precipitation between the two simulations is presented in 
Fig. 6. As expected, there is almost no difference in large-
scale precipitation between BATS and SubBATS. However, 
connvective precipitation is slightly modified because of 
changed snow-cover area leading to changes in incoming and 
absorbed solar radiations. The averaged fraction of snow-
covered area per day is given in Fig. 7. The reduced frac-
tion of snow-covered area during winter and spring within 
SubBATS stems from a more realistic representation of the 
Alpine valleys with areas below 1000 AMSL, which are 
frequently not snow covered even in winter. The difference 
increases during spring, indicating a more realistic snow 
melt in the SubBATS run. During summer, the difference is 
negligible and in autumns, SubBATS has even a higher frac-
tion of snow cover due to a better representation of mountain 
ridges with elevations higher than 2500 AMSL. The effect 
is better understood with histogram plots of monthly snow 
cover (mm H 2 O) for different elevations bands (see Fig. 8). 
The first histogram on the top left represents all elevation 
in the alpine region (shown with white border line in Fig 
1) and the rest of histograms represent areas above 500-, 
1000-, 1500-, 2000- and 2500-m AMSL. The areas cov-
ered by BATS and SubBATS model for different elevation 
ranges are given on the top of each plots in units of × 100 
km2 . For the whole Alps and for all grid boxes above 500 m, 
the BATS simulation has more snow cover area, which can 

be explained with the help of a histogram of elevation dis-
tribution of BATS and SubBATS presented in Fig. 3. At 
lower elevations, valleys that are properly resolved only by 
SubBATS are not covered with snow throughout the year, 
leading to lower snow cover shown by SubBATS in the first 
two histograms. The effect changes as grid boxes with eleva-
tions above 1000 m are considered. Above 1000 m, during 
the accumulation months November to March or even April 
(for very high elevations), SubBATS has more snow owing 
to high peaks only seen by 1-km resolution. This effect 
reverses in melting months because of the fast melting of 
snow at lower elevations in SubBATS. The huge overesti-
mation of the area between elevations 900 and 1300 m in 
Fig. 3 explains this effect. A 10 km grid with an average 
elevation of 1000 m may include valleys with elevations 
of 500 m and mountains peaks of 1500 m. The flattening 
of mountain peaks leads to less snow in the accumulation 
period in BATS and misrepresentation of valleys resulting 
in more snow in BATS in ablation months. Above 2500 m, 
SubBATS retains more snow for all months. This is because 
of very high peaks, which are only seen by SubBATS model, 
are covered with snow throughout the year.

These effects of subgrid scheme on surface energy 
fluxes are also studied. However, in the Alps, the effect of 
SubBATS on energy fluxes is quite complex. The locally 
different surface temperature distributions affect the con-
vection resulting in modified cloudiness and even altered 

(a) (b) (c)BATSBATS BATSArea Avg = 9.47 Area Avg = 39.41 Area Avg = 68.28

(d) (e) (f)SubBATS SubBATSSubBATS Area Avg = 9.48 Area Avg = 33.52 Area Avg = 59.39

Fig. 5  Annual 2-m temperature distribution for BATS (a) and SubBATS (d) in Celsius, annual snow distribution for BATS (b) and SubBATS (e) 
in water equivalent (mm) and annual snow-covered days for BATS (c) and SubBATS (f) for 1999–2004
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(a) (b) BATSBATS Area Avg = 1000.9 Area Avg = 194.3

(c) (d) SubBATSSubBATS Area Avg = 1000.5 Area Avg = 193.5

Fig. 6  Mean annual large-scale precipitation for BATS (a) and SubBATS (c) in mm/year and mean annual connvective precipitation for BATS 
(b) and SubBATS (d) for the period 1999–2004

Fig. 7  Daily climatology of fraction of snow-covered area of Alpine region for the period 1999–2004. The right Y-axis represents the difference 
line plotted by a red dotted Line
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precipitation. There is no combined effect on the total pre-
cipitation but a change in the convective precipitation in 
summer, as the differences between the BATS and SubBATS 
simulations are highest in May and August, and negligible 
during fall and winter.

3.3  Catchment Analysis

The subgrid scheme not only improves the overall simula-
tion by feedback process but also provides high-resolution 
meteorological fields that can be used for adaptation and 
impact studies. In the above section, we have analysed the 
whole alpine domain. In this section, we present the analysis 
of a selected catchment in the Salzach region in Austria. The 
catchment along with the Salzach river is shown in Fig. 9. 
The analysis of snow-covered area of the whole catchment 
represented by BATS and SubBATS is no different than the 
results for whole Alps shown in Fig. 7; therefore, we focus 
on comparison of SubBATS modelled snow (at 1-km grid) 
with observed snow depth measurements from ZAMG. For 
this comparison, we select a mountain station and a valley 

Fig. 8  Monthly snow distribution for whole Alps and for different elevation bands in SWE (mm H 
2
 O) 1999–2004

Fig. 9  Salzach catchments for detailed analysis. The blue area repre-
sents the catchment and blue line shows the Salzach river
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station: Schmittenhöhe (1950 m) and Zell-am-See (770 m). 
Both stations are located in the Salzach region.

The observed snow depth from these two station is con-
verted into the snow water equivalent (SWE) using the 
method discussed in the Sect. 2.6. The comparison of daily 
climatology of SWE for years 1999–2004 is presented in 
Fig. 10. Both stations are located in one coarse grid cell 
which covers an area of 100  km2 . The elevation of the BAT 
grid cell lies between the elevations of the two sites which 
explains the huge overestimation of SWE for the valley sta-
tion and underestimation of SWE for the mountain station. 
For both locations, however, the annual cycle of snow cover 
is very well captured by the SubBATS simulation. The Sub-
BATS tends to overestimate snow cover in spring at the 
mountain site and underestimate snow at the valley station 

for the same period. During the ablation period, the agree-
ment between the model and observation is astonishing. 
The results indicate that the high-resolution meteorological 
fields outputted by SubBATS are reliable and can be used 
for impact studies (e.g., hydrological processes).

We further analysed solar radiations in Salzach catchment 
as shown in Fig. 11. The results show that there is clear 
annual cycle observed in the difference between absorbed 
solar radiation from the two simulations. The SubBATS 
simulation shows increase of up to 4 W/m2 in the daily cli-
matology of absorbed radiation calculated over the 6-year 
period. The difference is almost negligible in winter but it 
becomes significant in March when snow cover starts to melt 
at the lower elevations. The maximum difference observed in 
June corresponds to bigger differences in the snow covered 

Fig. 10  Daily climatology of snow water equivalent for selected stations in Salzach catchment for the period 1999–2004

(a) (b)

Fig. 11  Daily climatology of a absorbed solar radiation and b incoming solar radiation for Salzach catchment for the period 1999–2004
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area in both simulations. This trend continues till autumn, 
when difference between the two runs reduces to zero by 
the end of August. The sharp reduction in August also sug-
gests that the increase in absorbed radiation mainly depends 
on different snow cover resulting from resolved topography 
in SubBATS and does not stems from the heterogeneity of 
subgrid scale land cover. In Fig. 11b, the effect of SubBATS 
on incident solar radiation is also shown. There is no sig-
nificant difference found in daily climatologies of incident 
solar radiation during the winter. However, starting from 
April, incident solar radiation starts to decrease in SubBATS 
simulation presumably triggered by the onset of thermally 
induced convection. The difference continues to widen till 
May and June when the highest difference of about 4 W/
m2 is observed followed by a sharp decrease in July and 
August. But this dissimilarity reduces to roughly zero by 
the end of September. The effect can be attributed to convec-
tive clouds induced by finer temperature structure resulting 
from land-surface heterogeneities in the SubBATS simula-
tions. This depletion in incoming solar radiation in sub-scale 
scheme has the same timing and magnitude as the increased 
absorbed solar radiation in the Salzach valley because of 
snow-albedo feedback.

4  Summary and Conclusion

The paper presents the analysis of 6-year simulations with 
the regional climate model RegCM3 using two different 
landuse schemes, BATS and SubBATS, within the Alpine 
region with a spatial resolution of the surface model of 10 
km and 1 km, respectively. Both models show good per-
formance concerning daily precipitation and temperature 
on the 10-km scale. Within the complex topography of the 
Alpine region, the 10-km BATS run clearly shows limita-
tion in the representation of the real topography, leading to 
an underestimation of low elevations below 900 AMSL and 
high elevations beyond 2500 AMSL. This results mainly in 
a smoothed temperature field, underestimating the tempera-
tures in the valleys and overestimating at the ridges as can 
be seen in Fig. 5a, d. On the other hand, the higher spatial 
resolution of SubBATS not only affects the instantaneous 
fields like temperature or humidity, but also improves the 
accumulative variables like snow. The snow accumulation 
and melt processes within the Alpine valleys are much bet-
ter represented by SubBATS simulation as in BATS (Fig.7). 
As snow highly impacts the surface energy budget, a real-
istic snow cover is important to simulate an accurate micro 
climate, including soil water content and soil temperature. 
In comparison to the previous studies done with SubBATS 
(e.g., Dimri 2009; Im et al. 2010), we have used the high-
est resolution (1 km) used so far in SubBATS studies. Our 
results are not only consistent with previous studies but 

also provide more insight into annual snow accumulation 
and melt cycle. For example, in 6-month-long simulation 
(Oct–Mar) of SubBATS at 10 km compared to 60-km BATS 
simulation over the Himalayan region, Dimri (2009) found 
greater overall snow amounts in the subgrid experiment. 
This is partially in-line with our results showing increase in 
snow-cover area in SubBATS in autumn. Actually, to proper 
understand the effect of SubBATS on simulation snow, 
6-month simulation is too short and 10-km resolution is too 
coarse to resolve Himalayan region in a proper way. A better 
study was performed by Im et al. (2010) where a 10-year-
long simulation with SubBATS at 3-km horizontal resolu-
tion and control simulation at 15-km resolution were com-
pared for the Alpine Region. They found that the SubBATS 
scheme produces more refined and apparently more realistic 
snow patterns on account of enhanced topographic repre-
sentation. They also found that on average, the snow depths 
are reduced in the subgrid scheme and runoff at small-scale 
catchments appears to be improved by the SubBATS simula-
tion. Our study is consistent with these findings and going 
down to 1-km resolution has further enhanced the difference 
between control and SubBATS simulations. Overall, the use 
of the sub-scale landuse scheme SubBATS has the ability to 
improve the temperature field within complex terrain like 
the Alpine region significantly. This directly leads to a more 
realistic representation of snow cover and -melt, and thus to 
more realistic surface energy budget. The use of SubBATS 
resolving the Alpine valley might even alter and improve 
the climate change signal in climate scenario runs, due to a 
more reliable representation of the snow-albedo feedback.
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