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Abstract Results from a first-time employment of the
WREF regional climate model to climatological simulations
in Europe are presented. The ERA-40 reanalysis (resolu-
tion 1°) has been downscaled to a horizontal resolution of
30 and 10 km for the period of 1961-1990. This model
setup includes the whole North Atlantic in the 30 km
domain and spectral nudging is used to keep the large
scales consistent with the driving ERA-40 reanalysis. The
model results are compared against an extensive observa-
tional network of surface variables in complex terrain in
Norway. The comparison shows that the WRF model is
able to add significant detail to the representation of pre-
cipitation and 2-m temperature of the ERA-40 reanalysis.
Especially the geographical distribution, wet day frequency
and extreme values of precipitation are highly improved
due to the better representation of the orography. Refining
the resolution from 30 to 10 km further increases the skill
of the model, especially in case of precipitation. Our results
indicate that the use of 10-km resolution is advantageous
for producing regional future climate projections. Use of a
large domain and spectral nudging seems to be useful in
reproducing the extreme precipitation events due to the
better resolved synoptic scale features over the North
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Atlantic, and also helps to reduce the large regional tem-
perature biases over Norway. This study presents a high-
resolution, high-quality climatological data set useful for
reference climate impact studies.
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1 Introduction

A number of model studies have addressed the regional
effects of future climate change in Europe (ENSEMBLES
members 2009). These studies point to increased precipi-
tation in Northern Europe in the future which can have
important impacts on hydrology, vegetation and infra-
structure in the influenced areas. In order to deliver reliable
information for the society on these issues we need to focus
on a local level. This study is a first step towards a higher
resolution assessment of future climate prediction in Nor-
way. We provide high-resolution climate parameters for
Norway which are increasingly required and of crucial
importance for driving various climate impact models. This
study employs a new model for Europe (WRF: Weather
Research and Forecasting, http://www.wrf-model). It pro-
vides a first-time comprehensive model evaluation for new
users wanting to apply the WRF model for climatological
simulations over Europe, and also a qualitative comparison
of the performance of the WRF model against other state-
of-the-art regional climate models.

A common approach used in regional climate simula-
tions for this region has been to include only the continent
of Europe with little ocean into the high-resolved regional
model domain. In this study, we aim to improve the rep-
resentation of climate in Europe by increasing the size of
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the regional model domain to cover the whole North
Atlantic. Such a setup will increase the independency of
the regional climate model from the driving data. In this
way also the synoptic scale features on open water will be
better resolved on our high-resolution domain (30 km) than
in the driving ERA-40 reanalysis (1.1°) before they reach
the coast of Europe. We apply the spectral nudging pro-
cedure to force the regional model to keep its large scale
circulation consistent with the driving reanalysis data.

Norway is a country with a comparably complex
topography (see Fig. 1). Its continental part stretches
between 60°N and 70°N and is some 500 km wide in the
south and less than 100 km at the narrowest in the central
parts. It has a long coastline including narrow fjords and
mountains which cover almost the whole country. The
highest mountains reach an altitude of ~2,500 m. The
western coast of Norway is subject to mild coastal climate
with high amounts of precipitation, typically exceeding
2,000 mm/year. The precipitation on the coast is mainly
large scale frontal precipitation driven by the low pressure
systems in the North Atlantic. In the mountains there is a
significant orographic enhancement of precipitation (e.g.
Leung and Ghan 1995). The northern and the eastern parts,
on the lee side of the mountains, are more continental and
experience as little as 500-1,000 mm of precipitation a
year. In contrast to the western part the extremes are usu-
ally connected to convective systems.

The focus of this study is on the validation of the WRF
model in a period (1961-1990) for which many observa-
tions and model runs exist and on finding an optimal setup
for future prediction simulations. The main questions to
address are (1) how well does the WRF model agree with
observations when run with “ideal” boundary conditions
(ERA-40 reanalysis) and spectral nudging on the 30 and

80°N 60°N

" s0°N

> 40°N

| 30°N

Fig. 1 The model domain used in this study: the larger domain with
30-km resolution covering the whole North Atlantic and the 10-km
resolution nest covering Norway. The inset shows the terrain height in
the 10-km nest (m)
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10 km horizontal resolution? (2) Does the model simula-
tion improve the driving ERA-40 reanalysis? Is the 10 km
resolution adding significant value to the 30 km resolution?
(3) How well does the WRF model capture the regional
differences of climate in Norway? and (4) is the model able
to reproduce the observed extreme values of precipitation
and temperature? In order to put our model simulation into
a larger context of the state-of-the-art of regional climate
modelling we perform a comparison with 12 European and
Canadian models which participated in the recently fin-
ished ENSEMBLES project (see Sect. 3.2 for more details
on the project). The WRF and the ENSEMBLES model
simulations are not directly comparable because of the
different setup used. Keeping this in mind, the comparison
presented in this study should be understood as qualitative.

2 Model description and setup

The model employed for this study is the WRF regional
climate model (version 3.1.1). The WRF model has a
rapidly growing user community and has been used for
climatological studies, various case studies and operational
weather forecasting among other purposes in the recent
years. For the experiments of this study we used a large
model domain of a size of 9,090 km (W-E) x 5,490 km
(S-N) with a horizontal grid resolution of 30 km (Fig. 1).
We included one nest inside the model domain with a
horizontal resolution of 10 km. This nest has a size of
880 km (W-E) x 1,840 km (S—N). Both domains have 40
vertical levels reaching up to 50 hPa. The first reason for
choosing such a large domain was that the precipitation in
the western coast of Norway is mainly large scale and the
moisture can have its origin far in the southwestern North
Atlantic (Stohl et al. 2008). Another reason was that we
wanted to find an optimal setup for subsequent future cli-
mate predictions. A larger model domain will give the
regional model more freedom to develop its own synoptic
and mesoscale circulation. This may be an advantage in
regions where the climate change signal is strongly influ-
enced by advective processes.

It has been noted that using a large domain may lead to
deviation of the large scale features from the driving fields
creating problems close to the boundaries (Jones et al.
1995; Koltzow et al. 2008). To reduce this risk, we use
spectral nudging. Spectral nudging is a method which
allows the passing of the driving global model information
not only onto the lateral boundaries but also into the inte-
rior of the regional model domain (Waldron et al. 1996).
The value of spectral nudging has been discussed in the
literature (e.g. Alexandru et al. 2008; Miguez-Macho et al.
2004, 2005; Radu et al. 2008; Von Storch et al. 2000; Zahn
et al. 2008) and there is some controversy. Most studies
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agree that nudging too strongly will not allow the regional
model to deviate much from the driving fields. While
spectral nudging seems to reduce the sensitivity to the
chosen model domain or grid size (Alexandru et al. 2008;
Miguez-Macho et al. 2004) other studies show that it can
affect extreme precipitation or high frequency dynamical
phenomena (Alexandru et al. 2008; Radu et al. 2008). We
conducted several tests to evaluate the sensitivity of the
modelled surface variables to nudging. We found that
spectral nudging has an important effect in keeping the
large scale circulation of the regional model in phase with
the global model, but does not constrain the model’s ability
to develop small scale features. The extreme precipitation
events were actually better reproduced by the nudged run
than the free run.

We applied the spectral nudging technique following
previous studies by Miguez-Macho et al. 2005 and Radu
et al. 2008. We nudged only in the outer domain in order to
let the regional model create its own structures in the high-
resolution nest. For the same reason we applied nudging
only on vertical levels above the boundary layer. The
threshold for wavelengths over which the waves were
nudged was 1,000 km. Following Miguez-Macho et al.
2005 and Radu et al. 2008, the nudging was applied to u
and v winds, temperature and geopotential height but not to
humidity. The sensitivity to the strength of the nudging was
tested but no significant differences were found between
stronger (every 6 h) and weaker (every 24 h) nudging. We
chose the weaker nudging approach in order to maximize
the freedom of the regional model to deviate from the
driving global fields.

We simulated the years from 1960 to 1990 because
many climatology simulations exist for this period, such as
the regional model runs of the EU-project ENSEMBLES
(see Sect. 3.2). The first year was used to spin up the soil
moisture and not included in the analysis. The driving
global data used was the ERA-40 reanalysis (Uppala et al.
2005) with 1.1-degree horizontal resolution and 24 vertical
pressure levels. The experiment was performed using the
default setup of the WRF model for the physical parame-
terizations as much as possible to keep the runtime low.
The cloud microphysical scheme used was the 3-class
scheme (Hong et al. 2004), the Kain—Fritsch scheme (Kain
2004) for the convective parameterization, the Yonsei
University (YSU) (Hong et al. 2006) planetary boundary
layer scheme, the Monin—Obukhov scheme for surface
layer processes and the 4-layer Noah land-surface model
(Ek et al. 2003) for the land-surface and soil processes. We
used the new MODIS land use data set to describe the
vegetation and land use classes in Norway (http://modis.
gsfc.nasa.gov/). The Community Atmosphere Model
(CAM) schemes were used for short-wave and long-wave
radiation (Collins et al. 2006). We tested the sensitivity of

the model to different microphysical schemes and found no
significant differences between the simpler and the more
sophisticated schemes on the spacial scales (10 km) or time
scales (daily) of this study. We used the so called 1-way
nesting procedure which passes information only from the
outer domain to the inner nest. This is a common approach
in climatological studies because of possible stability
problems introduced by 2-way nesting.

3 Results
3.1 Methods

The results obtained within this study are evaluated against
daily surface observations (precipitation, 2-m temperature
and 10-m wind speed) from the Norwegian meteorological
office in a similar manner with Barstad et al. 2009. The
observational network consists of several hundred meteo-
rological stations covering the whole country and provides
the best data available for Norway. The data was checked
for continuity and consistency and only stations which
contained a continuous 30-year data set were taken into
account in this comparison. This left us with 316 stations of
precipitation, 66 stations of 2-m temperature and 67 sta-
tions of 10-m wind speed data. The comparison was made
using the nearest gridpoint of the model to the observa-
tions. Although the horizontal resolution of the model is
quite high (30 and 10 km) the error of the elevation of the
model gridpoint to the actual elevation can be large at some
points, especially on the coast and in the mountain slopes.
For temperature we used a simple lapse-rate correction
assuming that the temperature drops 6 K each 1,000 m, as
has been used in several studies (e.g. Barstad et al. 2009;
Kostopoulou 2009). Assuming a constant negative lapse
rate neglects many effects, such as the complexity of the
temperature profile in a boundary layer. In a case of a
winter-time inversion, for example, this correction actually
increases the error. Still, without this correction the tem-
perature bias will reflect mostly the smoothed topography
and not the correctness of the model dynamics or the
physical parameterizations. Moreover, comparison of the
temperatures of the ERA-40 and both WRF simulations
with very different resolutions would not be fair without
such a correction.

In the case of wind the issue is more complicated as there
is no standard procedure to correct for the altitude error. We
know that the stations measuring wind in the mountains are
located in small valleys which are not resolved by the model
topography. Therefore, the wind observations are not nec-
essarily representative for the areas they are located in. The
wind observations are made optically which can introduce
an error in some cases. In order to use only quality-checked
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data representative for the location in question we use the
ten coastal stations chosen by Barstad et al. 2009. These
stations were chosen as recommended by the meteorologi-
cal office responsible for the observations. Data was written
out from the model every 6 h for the 30-km domain and
every 3 h for the 10-km domain and daily means were
calculated from these values.

3.2 Comparison with models participating
in the ENSEMBLES project

There has been large regional climate modelling and model
inter-comparison activity in Europe during the recent years.
The ENSEMBLES project (Ensembles-based predictions of
climate changes and their impacts) was finished in the end
of 2009 (ENSEMBLES members 2009). Its aim was to
produce an ensemble of downscaled global future climate
projections in order to provide the European society and
economy with more detailed information on the future cli-
mate. Some ten state-of-the-art European and Canadian
climate models took part in the project and several experi-
ments were performed with different combinations of glo-
bal model, greenhouse gas emission scenarios and
horizontal resolution of the regional models. One part of it
was, similar to the goal of this study, to validate the models
driven with the ERA-40 reanalysis data for the period of
1958-2002. The results of this project give us an excellent
opportunity to put our model results in a larger perspective
and investigate how well the WRF model is performing
within the spread of the ENSEMBLES models. We chose a
set of 12 simulations with different models for comparison
and performed the same analysis as with our simulations for
the period of 1961-1990. These models are listed in Fig. 12.

ERA-40

MEAN BIAS : 42.9 %
MEAN CORR: 0.44
MEAN MAE : 3.7 mm/day

Fig. 2 The 30-year total precipitation bias of the ERA-40 reanalysis,
the WRF model (10 km) and the 12 model mean of the ENSEMBLES
project. The bias is defined as the average deviation of the simulated
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WRF-ERA 10km

MEAN BIAS : 334 %
MEAN CORR: 0.63
MEAN MAE : 3 mm/day

We chose the 25-km resolution of the ENSEMBLES
model runs to allow for a comparison as accurate as pos-
sible with our 30 and 10-km simulations. The number of
vertical levels in the ENSEMBLES runs was lower than in
our runs and varied from 19 to 32. No spectral nudging was
used in these runs. Their domain size was smaller, covering
Europe including the Mediterranean in the south but just
only including the northernmost part of Norway in the
north and not the whole Atlantic ocean. The analyzed
precipitation, 2-m temperature and 10-m wind speed are
daily means. The ENSEMBLES means shown are calcu-
lated as simple averages in each case and are not weighted
based on model performance or any other way.

3.3 Precipitation
3.3.1 Geographical distribution of precipitation bias

Figure 2 illustrates the bias of the total accumulated pre-
cipitation in the 30-year period for each precipitation sta-
tion of the ERA-40 reanalysis, the 10-km WRF simulation
and the mean of the ENSEMBLES models. The bias is
calculated as a difference in percent between the modelled
and observed 30-year total accumulated precipitation for
each station separately and then averaged. The WRF 30 km
simulation (not shown) performs very similarly to the
10 km one producing a slightly reduced mean bias
(29.7%). Figure 2 also shows the mean statistics: the mean
bias, the mean correlation coefficient between the obser-
vations and the model and the mean absolute error (MAE)
calculated for the daily mean values of each station sepa-
rately. We see that the 10-km WRF simulation performs
similarly with the ENSEMBLES mean. The mean bias is

ENSEMBLES MEAN

MEAN BIAS : 37.2 % 40:50
MEAN CORR: 0.44 30:40
MEAN MAE : 3.7 mm/day N

30 year accumulated daily mean precipitation of observations. The
mean bias, mean correlation coefficient of the daily mean precipita-
tion values, and the mean absolute error are also shown
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comparable to the ENSEMBLES mean (33.4 and 37.2%,
respectively). The main difference is the better correlation
coefficient of the WRF simulation (0.63) than the
ENSEMBLES mean (0.44) which is similar to the driving
ERA-40 data (0.44). The correlation coefficient reflects the
phase of the precipitation events. The phase of the pre-
cipitation events in the WRF simulations is good due to the
spectral nudging procedure used which keeps the low
pressure systems in phase with the ERA-40. The improved
correlation of the WRF simulation from the reanalysis is
probably caused by the higher horizontal resolution
(30 km) on the North Atlantic which improves the repre-
sentation of synoptic scale lows and even includes meso-
scale features which are missing in the coarse ERA-40
data. Also the better resolved coastline and topography
may improve the correlation.

Looking at the distribution of the bias we see that the
coastal precipitation is generally well simulated. The bias
is largest towards the inland on the lee side of the moun-
tains. The elevation in the models is too low even at the
10-25 km resolution so that the orographic increase of the
precipitation is too small and too much of the precipitation
falls on the lee side of the mountains. The distribution of
the 1961-1990 mean vertical velocity (Fig. 3) in the 30 and
10 km WRF simulations indicates that the orographic
lifting is better resolved in the 10 km nest but even further
refinement of the resolution would be needed to correct for
this error. The bias is also large in the northern part of
Norway which is a very dry region, but reduced by 20%
compared to the ERA-40 or ENSEMBLES mean. The bias
does not vary much seasonally (not shown), being slightly
larger in percent during the driest period of the year
(MAM) and lowest during the wettest months (SON).

Vertical velocity (m/s) at 800 hPa
1961-1990 mean

30 km 10 km

T

-0.1 -0.08 -0.06 -0.04 -0.02 O 0.02 0.04 0.06 0.08 0.1

Fig. 3 The 1961-1990 mean of the vertical velocity (m/s) near the
surface (800 hPa) of the 30-km and the 10-km WRF simulations

There is no large variability between the different regions.
The bias is reduced in the WRF simulations, compared
with ERA-40, during all seasons. The correlation coeffi-
cients are highest during the winter months (0.69) and
lowest during the summer months (0.52). The reduced
correlation during summer is caused by the more small
scale convective precipitation whose phase does not profit
form the spectral nudging procedure.

3.3.2 Histogram of the daily mean precipitation

One important measure for the skill of a model is its
capability to simulate the intensity and frequency of indi-
vidual precipitation events correctly. This can be assessed
by looking at the distributions of individual events.
Figure 4 shows the histogram of the daily mean precipi-
tation modelled with WRF and compared with the ERA-40
reanalysis and the observations for the four seasons. The
grey lines show the individual ENSEMBLES models and
the dark grey line the ENSEMBLES mean. The precipi-
tation of the ERA-40 reanalysis is correctly producing the
lower end of the spectrum but the largest values of daily
mean precipitation are completely missing. This is proba-
bly due to the low resolution of the reanalysis which does
not resolve the orography in Norway and smoothens out
the extreme events. The 30-km WRF simulation improves
the representation of the extreme precipitation events
(>50 mm/day) significantly but cannot reproduce the
highest extremes. Here, we see clear value added by further
refining the resolution to 10 km, as many more of the
observed extreme events are produced by the 10-km
simulation due to the better resolved orographic lifting
discussed in the previous section. There are no significant
differences in the model performance between the seasons.
Generally the agreement between the observed and mod-
elled histograms is very good and improved compared with
the ERA-40 data. The spread of the individual ENSEM-
BLES models is large. Some of the models hardly increase
the number of extreme events from those of the ERA-40
reanalysis whereas other models highly overestimate the
whole range of precipitation extremes, mainly during the
winter (DJF) months. Some of the models produced unre-
alistic values exceeding 350 mm/day but the x-axis of the
graph is truncated. The ENSEMBLES mean was calculated
by pooling all daily mean values together. It reproduces the
shape of the histogram very well but has too long a tail
caused by the large overestimations of the extremes by a
few models.

In order to ignore the few exaggerated extremes we
look at the quantiles of the daily mean precipitation (lower
panel of Fig. 4). The ERA-40 reanalysis again lacks the
highest values of the spectrum and a few of the ENSEM-
BLES models perform even worse than the driving

@ Springer



1556

U. Heikkild et al.: WRF downscaling of ERA-40 in complex terrain

Fig. 4 Histogram and quantiles
(0.025, 0.1, 0.25, 0.5, 0.6, 0.7,
0.8, 0.9, 0.95 and 0.99) of daily
mean precipitation (mm/day)
for the four seasons: DJF
(December—January—February),
MAM (March-April-May), JJA
(June—July—August) and SON
(September—October—
November) as simulated with
the WRF model (30 and 10 km
resolutions), the original ERA-
40 reanalysis, as observed and
as simulated with the models
included in the ENSEMBLES
project

frequency [-]

frequency [-]

mod, mm/day

mod, mm/day

Histogram of daily mean precipitation
DJF MAM
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reanalysis in reproducing the quantiles from 0.6 to 0.99.  3.3.3 Regional differences of precipitation

The ENSEMBLES mean performs very well. The WRF

model shows good skill and the refined resolution of 10 km  Due to the long and narrow form and complex terrain of
adds more value to the 30 km simulation producing nearly =~ Norway the regional differences in precipitation can be
a perfect agreement between the observed and modelled  large. In Hanssen-Bauer et al. 1997, 13 different regions
quantiles. We also see that these results are consistent  have been defined to represent the geographical diversity of

during all seasons.
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observed accumulated precipitation from 1961 to 1990
averaged over the stations in each region. The number of
stations in each region varies from 4 to 50 depending on the
size of the region. To calculate the regional means the
stations in each region are pooled together for bias calcu-
lation, and then averaged. We use these regions to assess
how well the WRF model is able to reproduce the pre-
cipitation in the different regions. Figure 5 illustrates the
bias of total accumulated precipitation in 1961-1990 per
region. We see that the regions 2, 4, 6-9 and 13, which are
the wet regions along the coast, are generally well repro-
duced by the models. As was already seen in Fig. 2 the
precipitation is overestimated by all models in the drier
regions 3, 10 and 12. The precipitation in these regions is
largely influenced by summertime convection which often
causes large biases between model and observations. Both
WREF simulations are performing quite well compared with
other models. In average the 30-km simulation is over-
estimating the precipitation slightly less than the 10-km
simulation and both of them have slightly better skill than
the ENSEMBLES mean.

This is also the case for the extreme precipitation which
is defined as 0.95 quantile. The figure did not change if we
changed the 0.95 quantile to 0.9, 0.99 or 0.999. In relative
numbers the models mostly overestimate the extreme pre-
cipitation in the driest areas (3 and 10-12) and perform

Fig. 5 The 13 precipitation
regions of Norway with their
respective observed mean
precipitation in 1961-1990 in
mm/day, precipitation bias (%)
per region, bias of the 0.95
quantile (%) per region and bias
of frequency of wet days (%)
per region

100

Precipitation regions (1-13)

better along the wet west coast of Norway. Both WRF
simulations are comparable with the ENSEMBLES mean.

The bias in the number of wet days (Fig. 5) shows that all
models overestimate the frequency of precipitation. The
error is largest again in the dry areas, 3 and 12, but other-
wise the difference between the regions is smaller than in
the case of total precipitation of extreme precipitation. The
WRF model seems to be performing very well giving a low
bias compared with the ENSEMBLES models.

3.3.4 Extreme values of precipitation

The high precipitation events in Norway are often con-
nected with hazardous hydrological consequences, floods,
landslides and the like. Therefore it is of special impor-
tance for the WRF simulations to reproduce the correct
form of the higher end of the precipitation spectrum. We
investigate the skill of the model using the generalized
extreme value distributions (Coles 2001) for excesses of
precipitation following the work of Coelho et al. 2007.
Excesses are defined as exceedances of precipitation over a
certain threshold. Defining this threshold is not straight-
forward because it has to be high enough to describe an
extreme value but still a large enough number of values
must be higher than that so that statistical significance is
reached. As discussed in the previous section the amount of
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Pareto distribution of extreme precipitation
threshold: 0.95 quantile of each region

10E - - ; . )

wrfera 30km

wrfera 10km

era40

obs

ENSEMBLES

= = = ENSEMBLES mean

frequency [-]

-8 i L | i h i i
0 50 100 150 200 250 300 350 400

mm/day

Fig. 6 Generalized extreme value distribution of high precipitation,
defined as 0.95 quantile of daily mean precipitation in each region
separately

precipitation varies largely between the precipitation
regions in Norway. A certain amount of precipitation might
be dangerous in a dry region but represent only an average
amount in wetter regions. To account for these differences
we define the threshold to be the 0.95 quantile precipitation
for each region, calculate the exceedances for each region
separately and then fit that data to a generalized extreme
value distribution (Fig. 6). The threshold ranged from 11 to
37 mm/day between the regions. We see from the figure
that the ERA-40 reanalysis is not reproducing the extreme
values of precipitation due to its coarse horizontal

resolution. Increasing the resolution to 10-30 km improves
the representation of extreme values clearly (WRF 30 km,
WREF 10 km and the ENSEMBLES models). Still, there is
a large spread between the models. We see that increasing
the resolution of the WRF model improves the results and
that the WRF model is performing generally well com-
pared with the individual ENSEMBLES models. Some of
the ENSEMBLES models give enormous extreme values
as was already seen in the histogram (Fig. 4) and these
values are distorting the extreme value distribution. The
form of the distribution of the ENSEMBLES mean is
almost perfect, but the upper end of the spectrum is largely
overestimated.

3.4 2-m temperature
3.4.1 Geographical distribution of 2-m temperature bias

The geographical distribution of the 2-m temperature bias
calculated from the daily mean values between the model
and observations is illustrated in Fig. 7. The average sta-
tistics of the ERA-40 and WRF 10-km simulation show no
significant difference. Both the reanalysis and the WRF
model predict a cold bias of 0.7-0.8°C over the country.
The WRF run is reducing the warm bias in the northern
Norway as well as on the south coast. The mean of the
ENSEMBLES models is performing slightly worse—the
mean bias (—1.4°C) and the mean absolute error (2.7°C)
are half-a-degree larger than that of the ERA-40 or WRF
10-km simulation. The mean correlation coefficients cal-
culated from the daily mean values are very good in all

2-m TEMPERATURE BIAS (°C)
WRF-ERA 10 km

MEAN BIAS : -0.7 °C
MEAN CORR: 0.97
MEAN MAE :2.1°C

Fig. 7 The 30-year mean 2-m temperature bias, ERA-40 reanalysis,
ENSEMBLES project
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MEAN BIAS : -0.8°C
MEAN CORR: 0.95
MEAN MAE :2.2°C
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simulated with the WRF model (10 km) and the 12 model mean of the



U. Heikkild et al.: WRF downscaling of ERA-40 in complex terrain

1559

cases (0.95-0.97), partly due to the reproduction of the
seasonal cycle. The ERA-40 temperature bias has a strong
east-west gradient, the temperatures being too cold (ca.
—1°C) on the west coast and too warm (ca. 1°C) in the
eastern part. This gradient is inherited by the ENSEM-
BLES models and their mean, but reduced in the WRF
10 km simulation. We argue that this could be caused by

Fig. 8 Histogram and quantiles
(from 0.05 to 1 in steps of 0.05)

DJF

the large outer domain used, giving the WRF model more
freedom to deviate from the driving data.

3.4.2 Histogram of the daily mean temperature

The upper part of Fig. 8 shows the histogram of the daily
mean temperature values of the observations, ERA-40
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reanalysis, 30- and 10-km WRF simulations, the individual
ENSEMBLES models and the ENSEMBLES mean for the
four seasons. The histograms of all ENSEMBLES models,
and consequently the ENSEMBLES mean, are shifted
towards cold temperatures during all seasons compared
with the observations. The ERA-40 and the WRF simula-
tions perform well during the summer but share the cold
bias during other seasons. The coldest observed tempera-
tures (between —30 and —50°C) during the DJF and partly
MAM seasons are missing in all model data. These cold
extremes occur on clear sky winter days with strong
inversions which are not well simulated by models. This is
a general problem in numerical weather prediction (e.g.
Molders and Kramm 2010; Tjernstrom et al. 2004). This
causes the cold temperatures of the histogram to be shifted
towards milder temperatures (0 to —20°C). The upper end
of the histogram is close to the observed.

The same is shown by the modelled quantiles in the
lower part of Fig. 8, plotted against the observed quantiles.
Both WREF simulations reproduce well the higher quantiles
but overestimate the lower quantiles during the DJF season.
The results of the 10-km nest are slightly improving the
30-km results of the WRF model. There is a large spread
between the individual ENSEMBLES models in the lower
end of the quantiles but the ENSEMBLES mean is per-
forming quite well. In the upper end of the quantiles all

Fig. 9 The six temperature
regions of Norway with their
respective observed mean
temperature in 1961-1990

in °C, mean temperature bias
(°C) per region, bias of the 0.05
quantile temperature (°C) per

Temperature regions (1-6)

ENSEMBLES models underestimate the observed tem-
peratures leading to a larger general cold bias than the bias
of the WRF simulations.

3.4.3 Regional differences of temperature

Similarly to the precipitation regions discussed in Sect.
3.3.3, the Norwegian meteorological office has defined 6
different temperature regions (Hanssen-Bauer and Fgrland
2000). These regions can be seen in Fig. 9 with their
30-year mean observed temperatures. The west coast is the
warmest region (5), followed by the eastern part of the
country (6). Average temperatures drop the further north
the regions are located, with the region 3 in the northern
inland as the coldest. The regional biases are calculated the
same way as in the case of precipitation. The WRF simu-
lations are outperforming the ENSEMBLES models when
looking at the regional mean temperature bias (upper right
panel of the Fig. 9). The WRF simulations reproduce the
regional differences quite well with best agreement in the
regions 4 and 6 and the weakest agreement in the regions
1 and 2. The 30-km WRF simulation performs better than the
10-km simulation in all regions with an average difference
of almost 0.5°C. The ENSEMBLES mean is underestimat-
ing the temperature by up to 2-3 degrees in the regions 2,
4 and 5 but performs well in other regions. The ERA-40
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reanalysis has large positive and negative biases in different
regions which compensate each other giving a reasonably
small mean bias. Comparing the WRF simulations and the
ENSEMBLES models with the driving ERA-40 data we see
that the ENSEMBLES models all have same cold and warm
biases as the ERA-40 but are generally colder. The WRF
model, instead, seems to be more independent of the driving
data and is able to keep the bias low in all regions. This could
be due to the larger domain size used in the WRF simulation
indicating that it is an asset and also the spectral nudging
procedure used above the boundary layer.

The lower two panels of Fig. 9 show the 0.05 and 0.95
quantile temperatures describing the extremely low and
extremely high temperatures. Both WRF simulations are in
good agreement with the observed extreme temperatures
and outperform the ENSEMBLES mean or the ERA-40
reanalysis. There are no large differences between the
regions in the extremely high temperatures and the 10-km
WREF simulation is giving the best results. The models vary
more in reproducing the extreme low temperatures. All
models and the ENSEMBLES mean perform well in the
southern regions 4—6 but fail to reproduce the extremely
cold temperatures of below —30°C observed in the north-
ern regions, as discussed in the previous section.

3.4.4 Extreme values of temperature

The analysis was performed in the same way as described
in Sect. 3.3.4 for the upper and the lower end of the tem-
perature spectrum. The generalized extreme value distri-
butions are shown in Fig. 10 for the extreme low
(threshold: 0.05 quantile of each region; between —23 and
—6°C) and extremely high (threshold: 0.95 quantile of each
region; between 14 and 17°C) temperature. The x-axis in
the figures shows the exceedances from the threshold in

Pareto distribution of extreme low temperatures
threshold: 0.05 quantile of each region

wrfera 30km
wrfera 10km
era40

obs
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= = = ENSEMBLES mean |4

frequency [-]
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Fig. 10 Generalized extreme value distribution of low (0.05 quantile of each region) and high (0.95 quantile

temperatures

45

magnitude, not an absolute temperature. We see that the
spread of the excesses of the extremely low temperatures
(0-30°C) is much larger than that of extremely high tem-
peratures (0—12°C) which presents an additional challenge
for the models.

Generally the agreement between the modelled and
observed excesses is satisfying. The WRF simulations fail
to reproduce the extremely low temperatures as we have
seen in Fig. 8. The 10-km simulation is improved from the
30-km simulation but still lacking the extremely cold
temperatures. The ERA-40 and all of the ENSEMBLES
models have a better agreement with the observed distri-
bution than the WRF simulations. A few of the ENSEM-
BLES models produce too cold extreme temperatures and
give the distribution of the ENSEMBLES mean too long a
tail but the shape of the distribution is correct.

The situation is changed in the case of the extremely
high temperatures. The WRF simulations are reproducing
the distribution of the observed temperatures reasonably
well. There is almost no difference between the 30 and
10-km results of the WRF model. The WRF model is
overestimating the 0.95 quantile temperatures whereas the
ENSEMBLES models are underestimating them. The error
on both sides is approximately as large. These differences
reflect the overall shift towards cold temperatures of
the ENSEMBLES models compared with the WRF
simulations.

3.5 10-m wind speed

The winds are generally well simulated or slightly too low
(in the order of 1-2 m/s) on the coast and overestimated (up
to >50%) in the inland stations in all models (not shown).
The mean statistics show that all models are very similar
and that refining the horizontal resolution from 30 to 10 km

Pareto distribution of extreme high temperatures
threshold: 0.95 quantile of each region

0 2 4 6 8
deg.C

of each region) daily mean
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does not make a significant difference. This is likely to be
due to the land use data used in the models, which gene-
rally does not describe the Norwegian vegetation in high
detail. In studies which concentrate on surface winds a
higher horizontal resolution as well as use of a more
detailed description of land use would be important.

Fig. 11 Histogram of daily
mean 10-meter wind speed

The histogram in the upper panel of Fig. 11 illustrates
the daily mean wind speed of the ten coastal stations
mentioned before for the four seasons. A comparison
shows that almost all models overestimate the low winds
but underestimate the high winds, except the ERA-40
reanalysis which mainly underestimates the winds during
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all seasons. The 10-km WRF simulation is clearly
improving the 30-km simulation reducing the windy bias
similarly to the ENSEMBLES mean, especially in the low
end of the spectrum. This is likely to be due to the more
realistic representation of the coastline in the 10-km grid.

The quantiles in the lower panel of Fig. 11 show that
despite of the over- (under-) estimation of the low (high)
winds the form of the histogram is reasonable. Only the lower
quantiles (from 0 to 0.5) are significantly overestimated in
the 10-km WREF simulation. Here we see a clear improve-
ment of the 10-km nest in the WRF simulation. The spread of
the ENSEMBLES models is large but the ENSEMBLES
mean agrees very well with the observed quantiles.

4 Summary and discussion

Results are presented from a dynamical downscaling of the
ERA-40 reanalysis, with the WRFV3.1.1 regional climate
model, to 30 and 10 km resolutions for 1961-1990 in
Norway. The results of 12 different regional climate model
simulations from the ENSEMBLES project are also pre-
sented as a reference. We concentrate the analysis on
surface variables on complex terrain: precipitation, 2-m
temperature and 10-m wind speed and compare the model
results with a large number of observations within Norway.

Figure 12 summarizes the general behaviour of all
experiments analyzed within this study. The biases shown
are deviations of the daily mean modeled values of the
observations, averaged over all stations over the whole
period of 1961-1990. Precipitation and wind biases are

Precipitation and wind bias (%)  Temperature bias (°C)

ENSEMBLES mean 30 3
UCLM-PROMES I I
SMHI-RCA 20
EC-GEMLAM
MPI-MET-REMO
HadRM3Q0 10 1
METNO-HIRHAM
KNMI-RACMO2
ICTP-RegCM
ETHZ-CLM
DMI-HIRHAM 10 1
CHMI-ALADIN
C4I-RCA3
WRF 10km -20 -2
WRF 30km
ERA-40

-30 -3

g0 d
g60 d
S0 M
S6'0 M
S00 L
S0 L
660 L

Fig. 12 Models used for analysis in this study which participated in
the ENSEMBLES project. The horizontal resolution of all models
was 25 km and the years included in the analysis were 1961-1990.
The figure shows the 30-year mean model bias of median (X_0.5) and
0.95-quantile (X_0.95) precipitation and wind (%) and the bias of
0.05-quantile, median and 0.95-quantile temperature (°C) averaged of
the daily mean values of each station separately

shown in percent and the temperature biases in degrees.
We focus on the “mean” (0.5 quantile) and “extreme”
(0.95 quantile for extremely high and 0.05 quantile for
extremely low) values. The figure shows that there is large
spread in the quality of the modeled precipitation and wind
between the individual models. The WRF simulations
perform comparably well and the value added by the
refinement of the resolution to 10 km is obvious. The
ENSEMBLES mean has low biases and only a few of
the models are performing better. In case of temperature
the WRF simulations have clearly lower biases than the
individual ENSEMBLES models or the ENSEMBLES
mean. Again, the 10-km simulation reduces the bias com-
pared with the 30-km simulation.

The precipitation on the Norwegian coast is largely
driven by advective systems. As opposed to the traditional
setup for regional climate models downscaling the Euro-
pean climate we included the whole North Atlantic into the
larger model domain and applied spectral nudging to keep
the large scale circulation consistent with the driving data.
This turned out to be advantageous in several ways. First,
the phase of the precipitation events was improved from
the ERA-40 indicating that the synoptic scale features were
better resolved by the 30 km grid than in the reanalysis.
Also the representation of extreme precipitation on the
coast was much improved from the reanalysis, probably
due to sharper gradients and better resolved fronts. Another
advantage seemed to be the larger independence of the
regional model compared with the driving data. The WRF
simulations were able to reduce the large regional biases of
surface temperature in the ERA-40 reanalysis which had
been largely inherited by the ENSEMBLES simulations.

A relatively high horizontal resolution turned out to be
important in complex terrain, such as the Norwegian coast
and the mountains. The precipitation has a large orographic
enhancement which was largely improved from the
reanalysis by the WRF simulations. The orographic lifting
in the 10-km simulation was stronger and better resolved
than in the 30-km simulation which also lead to an
improvement of the representation of the extreme preci-
pitation events, especially in the mountains. We conclude
that the use of a horizontal resolution of 10 km, or higher,
is preferable for producing climate projections, especially
for impact studies dealing with extreme precipitation.

The fact that the precipitation and coastal winds are
improved on a higher resolution grid is a consequence of a
better representation of topography and coastline. This is in
accordance with the general findings from several regional
climate model studies (Rummukainen 2010). It also has to
be kept in mind that precipitation of the ERA-40 reanalysis
is a pure model product but temperature and winds are
more constrained by the observations which improves the
agreement. Also the fact that temperature and winds from
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the ERA-40 reanalysis are input fields for the WRF model,
but precipitation not, explains why the differences between
the temperature and winds of WRF runs and ERA-40 are
smaller than for precipitation.

This study was the first application of the WRF model to
climatological simulations in Europe. Generally the WRF
model performed very well in reproducing the observed
climate in Norway. The default setup of physical schemes
in the WRF model turned out to be a suitable approach in
climatological studies keeping the runtime low but pro-
ducing results similar to the more sophisticated schemes.
Spectral nudging proved to be a very useful method in
these simulations where the outer model domain was large.
The phase of precipitation and temperature was signifi-
cantly improved in the nudged runs compared with the free
runs (not discussed in this paper) and the simulated
extreme values of precipitation were more realistic. This
model configuration is useful for downscaling of GCM
future predictions and the high-resolution data set created
provides input for further downscaling and impact studies.
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