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ABSTRACT

Regional climate models (RCMs) are a widely used tool to describe regional-scale climate variability and
change. However, the added value provided by such models is not well explored so far, and claims have
been made that RCMs have little utility. Here, it is demonstrated that RCMs are indeed returning signifi-
cant added value. Employing appropriate spatial filters, the scale-dependent skill of a state-of-the-art RCM
(with and without nudging of large scales) is examined by comparing its skill with that of the global
reanalyses driving the RCM. This skill is measured by pattern correlation coefficients of the global reanaly-
ses or the RCM simulation and, as a reference, of an operational regional weather analysis. For the spatially
smooth variable air pressure the RCM improves this aspect of the simulation for the medium scales if the
RCM is driven with large-scale constraints, but not for the large scales. For the regionally more structured
quantity near-surface temperature the added value is more obvious. The simulation of medium-scale 2-m
temperature anomaly fields amounts to an increase of the mean pattern correlation coefficient up to 30%.

1. Introduction

Regional climate models (RCMs) are a widely used
tool to derive regionally specific information about the
statistics of weather (i.e., climate), trends, and possible
future changes. Such models feature an atmospheric
limited-area model combined with a description of the
thermodynamics of the upper soil levels (e.g., Giorgi et
al. 2001) plus, possibly, other components of the earth
system (e.g., marginal seas, lakes). They are forced by
time-variable conditions along the lateral atmospheric
boundary, sometimes also with large-scale constraints
in the interior. These constraints are taken from either
global model scenarios (e.g., Christensen and Christen-
sen 2003) or from global reanalyses (e.g., Feser et al.
2001). Simulation lengths are several decades of years.

The purpose of regional climate modeling is to pro-
vide additional detail beyond the resolution of global
reanalyses or global climate simulations. The enhanced
spatial resolution of a RCM is thought to allow for a
better description of the atmospheric dynamical pro-
cesses, which lead to the formation of mesoscale fea-

tures [such as fronts or mesoscale disturbances (e.g.,
Denis et al. 2002)]. The dependency of the smaller
scales on the larger scales is considered to be better
described [“downscaling” (von Storch 1995)]. Another
benefit is that the influences of the physiographic de-
tail, such as surface vegetation characteristics, coast-
lines, or complex topography, are better captured (e.g.,
Jacob and Podzun 1997). Thus, the theater of regional
weather is considered to be made up from two main
influences, namely, the large-scale atmospheric state
and the regional physiographic detail.

The global analysis or simulation is assumed to reli-
ably describe the dynamics of the large scales. The
RCM should be better than the global analysis or simu-
lation on medium spatial scales (600 km and less). Thus,
the expected added value of regional climate modeling
is mainly on these medium scales (e.g., Laprise 2003).

The concept of scale separation is used to analyze
limited area model (LAM) results on different scales. It
can serve as a tool for model evaluation or to explain
the connection between weather phenomena with vary-
ing size. The concept was also incorporated into
the spectral nudging or large-scale forcing concept by
Waldron et al. (1996) and von Storch et al. (2000),
which keeps the large-scale part of a regional model
solution close to the forcing global field in the model
interior. In the past, LAM fields were mainly looked
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upon as a whole not separated into different spatial
scales to study processes, to predict the regional cli-
mate, or to resolve regional weather details at a high
resolution. Whenever filters were applied, this was gen-
erally done to filter in time. In this work the use of a
spatial filter is proposed in order to separate the LAM
results into several independent spatial-scale bands.
The individual fraction of the regional model in adding
value to the global model solution can thus be esti-
mated. An explicit comparison with the forcing global
model and observational reference data can assess the
regional model simulation quality.

2. Models used for comparisons

In the following, the hypothesis that the regional
models describe the phenomena on both large- and me-
dium-scale bands better than the driving large-scale
state will be tested. To do so, the case of an extended
simulation is considered with the regional climate
model REMO (Jacob and Podzun 1997) forced with
global 6-hourly National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) reanalyses (hereafter referred to as
the NCEP reanalyses) (Kalnay et al. 1996) from 1958 to
2002, which are given on a horizontal grid of about 2°.

REMO is a gridpoint model featuring the discretized
primitive equations in a terrain-following hybrid coor-
dinate system. The prognostic variables are surface air
pressure, temperature, horizontal wind components,
specific humidity, and cloud water. The physics scheme
applied is a version of the global model ECHAM4
physics of the Max Planck Institute for Meteorology
adapted for the regional model. The integration area
has a horizontal spherical grid spacing of 0.5° (�47–55
km in zonal direction, �55 km in meridional direction)
and 81 � 91 grid points. The region considered is west-
ern Europe, extending about 4300 km longitudinally
and 5000 km latitudinally. In the vertical 20 hybrid
model levels are adapted to the orography close to the
surface. The time step of the calculation is 5 min. A
more detailed description of the multidecadal simula-
tion is given in Feser et al. (2001).

The LAM was forced with 6-hourly NCEP reanalyses
over the whole integration period from 1958 to 2002.
The horizontal grid size of the reanalyses is about
1.875° longitudinally and latitudinally (T62 Gaussian
grid). Because of the rotated spherical grid used by the
LAM, its coverage with NCEP grid boxes is inhomo-
geneous with maximum resolution improvement in the
southern part of the integration area. One LAM simu-
lation was done in the conventional setup with lateral
and surface forcing only, another one with additional

“nudging of large scales” (von Storch et al. 2000).
Nudging of large scales keeps the simulated state close
to the driving state at larger scales, while allowing the
model to freely generate medium-scale features consis-
tent with the large-scale state. This is achieved by add-
ing nudging terms in the spectral domain for the hori-
zontal wind components above 850 hPa with maximum
strengths for low wavenumbers at the top model level.

The LAM results were compared with the NCEP
reanalyses at different spatial scales. To transfer the
coarse-grid reanalyses to the 50-km grid used by the
RCM, the reanalysis atmospheric fields were horizon-
tally interpolated according to a 16-point formula as
explained in Doms et al. (1995). The sea level pressure
(SLP) is computed following Doms et al. (1995) by first
calculating an extrapolation of the temperature T* at
the height of the LAM orography using the tempera-
ture TKE of the lowest model level,

T* � TKE � 0.0065
R

g
TKE� ps

pKE
� 1�, �1�

whereby ps is the unreduced surface pressure and pKE is
the pressure at the lowest model level.

Then, the temperature TSL at sea level and the mean
temperature gradient � are computed:

TSL � T* � �
�s

R
, �2�

with the orography 	s � g � zs and � � 0.0065R/g.
The orography used was taken from the LAM to

account for better comparability of the results.
SLP is then computed as

pSL � ps exp� �s

RT* �1 � 0.5
��s

RT*
� 0.333� ��s

RT*�2��.

�3�

Accordingly, the 2-m temperature was calculated using
the horizontally interpolated reanalyses temperature
fields.

Reference dataset analyses of Germany’s National
Meteorological Service (DWD) are used. They were
calculated with the “Europe Model” of the DWD on a
rotated spherical grid with hybrid model levels and
were available every 6 h. The same rotated North Pole
and model grid was used as in the LAM simulation so
that a straightforward comparison was possible.

3. Filter application

To analyze the above-described simulation data an
isotropic digital filter was used (Feser and von Storch
2005). It is able to separate the LAM’s model results
into different spatial scales by filtering certain wave-
number ranges. The digital two-dimensional filter uses
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a footprint of 17 � 17 grid points to determine large-
scale, medium-scale, and small-scale features from a
field of 81 � 91 grid points. The filter weights are de-
termined so that the 2D response function is approxi-
mately isotropic and for predetermined wavenumber
ranges close to one or close to zero. In this context only
the low-pass and the medium-pass filters are used.

The filter parameters were chosen as explained in
Feser and von Storch (2005; see their Fig. 4 of the filter
response function). For the low-pass filter a wavenum-
ber range of 0–6 was chosen, which means that weather
phenomena larger than about 700 km can pass this fil-
ter. The medium-pass filter was set to only let pass
wavenumbers 8–16, which correspond to scales of
about 550–250 km. These wavenumber ranges were se-
lected to describe the scales that should be best re-
solved in the global model (low-pass filter) and the
scales that are assumed to be best resolved in the LAM
(medium-pass filter).

4. Temperature and sea level pressure
comparisons

Both the RCM simulations and NCEP reanalyses are
compared to operational high-resolution regional

analyses, which have been constructed for routine re-
gional weather forecasts by the DWD. The DWD
analyses are considered as a “true” reference. It is ex-
pected that the RCM compares to the reference about
as well as the driving NCEP reanalyses for large scales;
on the medium scales, however, a significantly im-
proved performance of the RCM is assumed.

Two variables are considered, namely, the spatially
smooth air pressure and the spatially heterogeneous air
temperature at or near the surface. The DWD tempera-
ture data are available from 1992 to 1999, for SLP only
in 1994, 1995, 1998, and 1999. The data of the LAM, the
NCEP reanalyses, and the DWD analyses were filtered
and compared at the two spatial-scale ranges described
before.

The percentage ratio of standard deviations of low-
pass-filtered 2-m temperature DWD analyses to NCEP
reanalyses for summers 1992 to 1999 is shown in Fig. 1a
and the percentage ratio of standard deviations of low-
pass-filtered 2-m temperature DWD analyses to the re-
gional model run using spectral nudging for the same
period in Fig. 1b. The ratio between the analyses and
NCEP is mostly above 100%, indicating higher near-
surface temperature variability in the DWD analyses,

FIG. 1. Ratio of standard deviations, in percent, of low-pass-filtered 2-m temperature for JJA 1992–99: (a) DWD
analyses/NCEP reanalyses and (b) DWD analyses/LAM simulation. Values of 90% and below are also drawn as
dotted contour lines.
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especially over the North Atlantic with a factor of up to
1.5. The ratio between DWD and LAM shows smaller
values: they range from 80% to 120% apart from a
small area at the southeastern tip of Greenland. Even
though a slightly higher agreement can be seen between
the low-pass-filtered LAM and the reference data than
between NCEP and the reference data, this is not the
scale that should be the best resolved one of the LAM,
the one where most added value could be assumed. The
regional model results should be interpreted with cau-
tion at this scale; the higher ratio does not necessarily
imply added value. Therefore the following figures will
focus on medium-scale-filtered data.

Figure 2 shows the ratio of standard deviations of
medium-pass-filtered 2-m temperature DWD analyses
(a) to NCEP reanalyses and (b) to the regional model
run using spectral nudging, in percent, for summers
1992 to 1999. Obviously the more highly resolved
analyses show a much higher variability in the near-
surface temperature than NCEP, up to a factor of 4.4.
All values are above 100%, and hence the variability of
the DWD analyses is higher at every grid point than the
NCEP variability. The comparison of the LAM and the
DWD results shows high agreement. The variability in

the near-surface temperature is about the same in both
simulations with only few areas of slight discrepancies.
Figure 3 shows the same as Fig. 2 but now for winter. A
similar pattern can be seen, with high variability for the
analyses and much smaller values for the coarser NCEP
reanalyses. The variability is up to a factor of 3 higher
in the analyses than in the reanalyses. Again, the LAM
simulation is much closer to the reference dataset than
the global forcing data.

Figure 4 shows the ratio, in percent, of standard de-
viations of medium-pass-filtered SLP DWD analyses
(a) to NCEP reanalyses and (b) to the LAM simulation
using spectral nudging for winter 1998/99. The low-
pass-filtered field was subtracted from the data prior to
applying the medium-pass filter as explained in Feser
and von Storch (2005) for achieving a better scale sepa-
ration. An irregular pattern can be seen with many val-
ues above 100%. Large regions, especially in southern
Europe, have larger SLP variability in the NCEP re-
analyses than in the reference data whereby adjacent
regions show the opposite combination. The reason for
this effect is unknown. The comparison of DWD analy-
ses and the LAM run shows mostly values around
100%. The ratio for the summer months (not shown)

FIG. 2. As in Fig. 1 but for the medium-pass-filtered temperature. Values of 80% and below are also drawn as
dotted contour lines.
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depicts the same sort of pattern, but the values are
slightly larger.

5. Regional details

The modeled fields—unfiltered, low-pass- or me-
dium-pass-filtered—are compared with the DWD ref-
erence with the “pattern correlation coefficient” (“pcc”; it
is to be interpreted as a conventional correlation coef-
ficient but this time across space) PDWD (x) with x �
NCEP, sn, and nn. “NCEP” represents the NCEP re-
analyses, “sn” the RCM simulation with nudging
of large scales, and “nn” the same without nudging
of large scales. The results shown so far all dealt with
“sn.” The RCM simulation x is considered to be
an improvement over NCEP if 
x,NCEP � PDWD(x) �
PDWD(NCEP) � 0. The pattern correlation coefficient
of two spatial fields a and b with grid values ai and bi is
formally the same as the sample correlation coefficient
of a pair of time series:

Pa�b� �

�
i

�ai � a��bi � b�

���
i

�ai � a�2 · �
i

�bi � b�2�
. �4�

Here a and b are the spatial means of a and b. The
denominator features the spatial standard deviations of
a and b.

In this article, the reference a is given by the DWD
analyses, while the role of the second field b is taken
over by the NCEP reanalyses, and the RCM simula-
tions with (sn) and without (nn) nudging of large scales.
Unfiltered fields and filtered fields are compared with
each other.

Figure 5 shows time series of pcc for two sample
seasons. The dependency of the RCM results on the
large-scale forcing is apparent in the pressure pcc; large
differences between NCEP and the DWD analyses co-
incide with even greater differences between the RCM
simulations and the DWD analyses for the unfiltered
and the low-pass-filtered fields. This effect is reduced
by applying the nudging technique.

For the spatially smooth pressure fields the added
value of the RCM simulations is limited to the medium
scales and to the simulation with nudging of large
scales. For air temperature anomalies, the pcc of the
medium-pass-filtered and unfiltered fields are for the
RCM simulations always higher than for the global re-
analyses. Because of high fluctuation in pcc, especially
for the NCEP reanalyses, a running average with a

FIG. 3. As in Fig. 2 but for DJF 1992–99.
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length of 4 was applied for better readability of the
figure. The largest added values are apparent again for
the medium scales where the regional models were ex-
pected to give the best results. For the pcc of the low-
pass-filtered fields the conventional RCM simulation
shows a deterioration compared to the NCEP reanaly-
ses. By contrast, when applying nudging of large scales
a small added value is achieved (note that the nudging
is toward the NCEP reanalyses, not toward the DWD
analyses).

These findings are substantiated by Table 1, which is
listing the mean pcc PDWD(NCEP) for full and anomaly
fields (i.e., deviations from the time-mean fields). Also,
the differences 
sn,NCEP and 
nn,NCEP are listed. Posi-
tive differences are given in bold; statistically significant
differences are marked with an asterisk.

The mean improvement in SLP for the regional
model is 1.4% for winter and 4.1% for summer in case
of nudging of large scales. No added value is provided
for the standard RCM simulation. A similar result is
obtained for the SLP anomalies, that is, for deviations
from the long-term mean.

The result is much more encouraging for air tempera-
ture. Simulations with nudging of large scales return

significant added value in both seasons for all spatial
scales. When anomalies are considered, large-scale pcc
increases by 5.5% and 6.3% in December–January
(DJF) and June–August (JJA), and the medium-scale
pcc by 21.5% and even 30.4%. Without nudging of
large scales, no added value is obtained for large scales,
but there is a significant increase in terms of medium-
scale pcc.

It is emphasized that this analysis describes only one
measure of added value. There may be other useful
measures, and it may be that also in case of the con-
ventional setup a more pronounced added value
emerges from such a measure.

Case studies for selected weather situations

To get an idea of the different patterns that are as-
sociated with high and low pcc values some examples
were calculated for near-surface temperature and SLP.
Figure 6 shows an example of high similarity between
the LAM results and the DWD analyses. Shown are
anomalies of medium-pass-filtered 2-m temperature
fields for 0600 UTC 30 August 1998. The upper left
panel shows the DWD reference data, the upper right
panel the NCEP reanalyses, the lower left panel the

FIG. 4. As in Fig. 1 but of medium-pass-filtered SLP for DJF 1998/99. Values of 50% and below are also drawn
as dotted contour lines.
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LAM results with nudging of large scales, and the lower
right panel the LAM temperatures for the conventional
run. Also plotted are dotted contour lines of unfiltered
SLP. This example is a case of better performance of
the LAMs than NCEP. The medium-scale temperature
anomaly pcc are 88.1% for the LAM with nudging of
large scales and 80.9% without nudging. NCEP has a
pcc of 9.6% for this date and shows deviations in the
temperature pattern for the Mediterranean area as well

as for Scandinavia, England, and Ireland in comparison
with the analyses. The LAM results are closer to the
DWD temperature pattern for these regions. The pres-
sure fields do not show large deviations between the
different simulations.

Figure 7 is an example for higher SLP pcc values for
the NCEP reanalyses than for the LAM results. Again,
anomalies of medium-pass-filtered 2-m temperature
are plotted, this time for 1800 UTC 22 June 1998. The

FIG. 5. (left) Six-hourly time series of SLP pattern correlation coefficients for winter 1998/99; (right) time series
of 2-m temperature anomaly pcc for summer 1998: (top) for full fields and for (middle) low-pass- and (bottom)
medium-pass-filtered fields.
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pressure field of the reanalyses is closer to the DWD
data than the regional simulations. The LAM results
show deviations compared to the operational analyses,
especially the one without nudging of large scales. The
pcc values for the unfiltered SLP fields are 98.2% for
the NCEP reanalyses, 97.2% for the LAM with, and
60.7% for the LAM without nudging of large scales.
For the LAM simulation without nudging of large
scales the influence of the pressure field on the tem-
perature pattern can be seen for Sweden and the north-
ern Baltic Sea area as well as for the eastern boundary
of the integration domain. A high pressure system of
1030 hPa was simulated by the regional model that was
nonexistent in the operational analyses. The medium-
scale temperature anomalies pattern, hence, looks quite
different from the DWD data in this area. For the
southern part of the integration domain both LAM
simulations are much closer to the operational analyses

than NCEP. The medium-scale temperature anomaly
pcc is 29.2% for the NCEP reanalyses, 57.7% for the
LAM with, and 36.8% for the LAM without nudging of
large scales. Even though the SLP pattern was best
described by the reanalyses, the high-resolution tem-
perature field was not well interpreted by them. It is
reasoned that these are dynamically induced regional
temperature details that could not be resolved by the
coarse-resolution global reanalyses and that additional
information could be added by the RCMs on the spatial
scale that was considered.

6. Summary and conclusions

An isotropic digital spatial filter was applied to evalu-
ate and analyze LAM results separately at different
spatial scales. The idea is that regional models mainly
add detail at the specific scale for which they were con-
structed; this means that for detection of an added
value a scale separation of the model results is reason-
able. Ratios of standard deviations of filtered near-
surface temperature and SLP fields between regional
model simulations or global reanalyses and an opera-
tional analysis were calculated. Hereby, the LAM
showed larger variability than the global reanalyses and
its values were comparable to those of the reference
dataset. The result was more distinct for the more re-
gional quantity near-surface temperature than for the
larger-scale SLP. As a means for the skill of the indi-
vidual simulations, pattern correlation coefficients were
computed between the models and the reference analy-
ses. For SLP, an added value can be found for the re-
gional model simulation in the case of nudging of large
scales for the medium-pass-filtered results. For the
standard RCM simulation this is not possible with the
presented method. Since SLP is a rather large-scale
quantity the focus is put on near-surface temperature in
order to detect an added value on the medium scales.
The pattern correlation coefficients between the re-
gional model results and the reference data are higher
than the global reanalyses pattern correlation coeffi-
cients for the unfiltered and the medium-pass-filtered
temperature fields. With nudging of large scales an im-
provement also for the large scales could be achieved.
Consistent with the concept of downscaling, an im-
provement in the representation of large scales is asso-
ciated with an improvement of the simulation at the
medium scales. When the role of the physiographic de-
tail is less important, as in the case of air pressure, the
overall added value is small; in that case, the RCM has
hardly a chance to improve the large-scale field, as the
only relevant factor available is the driving reanalyses.
The situation is different in terms of air temperature
because the regional dynamics of this variable depends

TABLE 1. (middle column) Time-mean pattern correlation co-
efficients PDWD(NCEP) (%) of pairs of DWD and NCEP ana-
lyzed regional fields, and (two right columns) mean differences
when NCEP is replaced by REMO simulation with (
sn,NCEP) and
without (
nn,NCEP) nudging of large scales. Positive numbers,
given in bold, indicate an improvement over the NCEP reanaly-
ses; negative values a deterioration; 95% significant deviations are
marked by an asterisk.

Variable Season Field PDWD(NCEP) 
sn,NCEP 
nn,NCEP

Full fields
SLP DJF Unfiltered 99.4 �0.7* �2.2*

Low pass 99.6 �1.0* �3.4*
Medium pass 91.3 1.4* �1.1*

SLP JJA Unfiltered 98.0 �2.0* �8.0*
Low pass 98.5 �2.6* �11.6*
Medium pass 84.2 4.1* �0.6

T DJF Unfiltered 96.0 1.0* 0.5*
Low pass 95.8 0.8* �0.8*
Medium pass 76.9 3.6* 1.5*

T JJA Unfiltered 95.8 1.4* 0.5*
Low pass 96.3 0.8* �1.0*
Medium pass 65.4 10.4* 6.1*

Anomaly fields
SLP DJF Unfiltered 99.1 �0.9* �2.9*

Low pass 99.3 �1.3* �4.2*
Medium pass 89.6 1.0* �2.0*

SLP JJA Unfiltered 98.3 �1.9* �8.9*
Low pass 98.6 �2.7* �12.9*
Medium pass 84.9 2.6* �3.0*

T DJF Unfiltered 70.7 9.8* 6.2*
Low pass 79.2 5.5* �0.5*
Medium pass 27.0 21.5* 15.5*

T JJA Unfiltered 70.2 13.2* 7.8*
Low pass 80.2 6.3* �2.5*
Medium pass 36.0 30.4* 24.3*
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FIG. 6. Anomalies of medium-pass-filtered 2-m temperature (K) fields (shaded) and unfiltered SLP isobars
(hPa): (a) DWD, (b) NCEP, (c) LAMsn, and (d) LAMnn for 0600 UTC 30 Aug 1998. Negative temperature
anomalies are also drawn as dotted contour lines to enable differentiation from positive values.
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strongly on the physiographic detail. Therefore, the
RCM is capable of improving the simulation not only of
the medium-scale temperature fields but also of the
large-scale field. By comparing the results for full fields

and for anomaly fields, it is found that the added value
is not mainly related to an improvement of time-mean
fields but is apparent in the anomalies as well. A maxi-
mum improvement is given for temperature anomalies

FIG. 7. As in Fig. 6 but for 1800 UTC 22 Jun 1998.
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at the medium scales; the regional model run with
nudging of large scales gives a pattern correlation co-
efficient that is on average more than 30% higher than
the pattern correlation coefficient of the global reanaly-
ses. The results show that the main achievements of a
RCM can be seen at smaller spatial scales while only
little added value is given at the larger scales, which are
already well resolved in the global forcing model.
Therefore it is proposed to use spatial filters to look at
the regional model results separated into different spa-
tial scales in order to detect additional information
given by the high-resolution model. The analysis of
RCM results separated into different spatial domains
presented in this work revealed significant added value
on the regional scale.
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