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ABSTRACT
Dynamical downscaling by atmospheric Regional Climate Models (RCMs) forced with low-resolution data should
produce fine scale climate details with skill. This is investigated by adopting and extending the Big-Brother approach
of Denis et al. (2002). A reference climate is established from a fine resolution RCM simulation in a large domain (the
Big-Brother). These Big-Brother (BB) data are degraded by removing small scales, and then used for downscaling by
the RCM (the Little Brother) with the same resolution as the BB in three domains of different size. Differences between
the Little- and BB are attributed to errors caused by the downscaling. We have furthermore extended the original BB
method and investigated the impact of the quality of the driving data. The RCM manage to reproduce the general large
scale climate features of the BB when forced with high quality data, but show deficiencies when the driving data differ
both in phase and scale from the BB. Forced with data with lower quality on a sufficiently large integration domain and in
regions influenced by strong local forcing, the RCM significantly improve the climate statistics for local variables (2 m
air-temperature, 10 m wind speed, precipitation). We even found that the improvement increased with domain size.

1. Introduction

Global projections for anthropogenic climate change are pro-
vided by coupled global climate models (GCMs) and scenarios
for constituent emissions to the atmosphere. Typical horizontal
resolution in GCMs for IPCC (2001) was 250–300 km in the
atmosphere and 100–150 km in the oceans (Lambert and Boer,
2001). In the 4th Assessment Report of IPCC (2007), resolution
has been increased a factor 1.5–2 by some GCMs, but this is
still insufficient for most studies of impacts of climate change.
The low resolution also constitutes a source of errors in the re-
gional aspects of climate simulation results. Downscaling global
projection data by employing regional climate models (RCMs)
with higher resolution has therefore become common procedure
in the recent years (see e.g. IPCC 2001 and 2007). There still is
some discussion related to the proper set-up of dynamical down-
scaling, and to what extent the downscaling augments the value
of the global calculations for the region.

This paper revisits these challenges by employing a further
developed type of the ‘Big-Brother Experiments’ (BBE) intro-
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duced by Denis et al. (2002). We only consider pure atmospheric
downscaling which makes use of nesting (e.g. Jones et al., 1995;
Christensen et al., 1997; Noguer et al., 1998). The GCM data are
imposed at the open lateral boundaries of the RCM and by the
sea surface temperature and sea ice cover. We do not consider
the method of spectral nudging (Kida et al., 1991; von Storch
et al., 2000).With this method the large scale part of the GCM
data are forced in the interior of the RCM integration domain.
Another method for more fine scale simulations are GCMs with
variable resolution and focus over the area of interest (e.g. Fox-
Rabinovitz et al., 2001).

The rational behind dynamical downscaling is that RCMs
should produce realistic fine-scale details over a region when fed
by information from coarser-resolution GCM data at the bound-
aries, and that the results are better suited for impact assessment
studies. In RCMs there should be at least three sources of motion
systems on scales not resolved by GCMs: (1) improved descrip-
tion of ground surface structures and contrasts, (2) more explicit
description of nonlinear dependencies in the dynamics and (3)
improved resolution and more explicit description of hydrody-
namic instabilities (Denis et al., 2002). There are two quality
aspects which need to be addressed in this respect: (1) the ability
to reproduce observed historical and present-day climate condi-
tions and (2) the ability of the RCM to improve, or add value,
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to the climate statistics of the GCM which provides data for
downscaling.

There are also a number of issues concerning the use of the
nesting technique and their outcome for regional climate mod-
elling (Giorgi and Mearns, 1991, 1999; Denis et al., 2002). One
issue is to force the RCM with GCM data in a proper way. This
concerns not only the mathematical formulation, but also the
difference in spatial resolution between the RCM and the GCM,
the frequency of boundary data updates, and errors introduced
by temporal and spatial interpolation of the GCM data. A sec-
ond issue is inconsistent physical parametrizations in the GCM
and RCM models. This was addressed by, for example, Rum-
mukainen et al., (2001) who found that the relative humidity
in the vicinity of the lateral boundaries in a RCM is depen-
dent on differences in the way precipitation processes is handled
in the GCM and in the RCM. Thirdly, there are aspects con-
cerning the choice of integration domain for the RCM. Jones
et al., (1995 and 1997) emphasize that the RCM circulation
should be constrained by the fields of the driving model for
features resolved by the latter and advocated the use of small
RCM integration domains in order to secure this whilst others
have proposed spectral nudging (Kida et al 1991). This opin-
ion has been supported by others (e.g. von Storch et al., 2000),
but not generally (e.g. Machenhauer et al., 1994; Christensen et
al., 1997). In the Norwegian research project Regional Climate
Development Under Global Warming (RegClim, 1997–2006) at-
tention was not paid to this issue (Bjørge et al., 2000; Haugen and
Iversen, 2008). Less controversial is the requirement that fine-
scale features developed in the RCM should not be damped or
destroyed by the open lateral boundary conditions (Jones et al.,
1995). A fourth aspect concerns the application of atmosphere
only RCMs. Castro et al., (2005) showed that the ground sur-
face boundary conditions are important in generating large scale
variability in RCMs, and that this importance increases as the
integration domain increases. Thus, large scale atmospheric vari-
ability tends to be increasingly underestimated as the domain size
increases when the lower boundary conditions are not allowed to
respond to the atmosphere. In atmospheric RCMs the continental
ground surface variables are adjustable whilst the ocean surface
is fully prescribed from the GCM. Only a few RCMs include
coupling to the ocean (e.g. Döscher et al., 2002; Rinke et al.,
2003).

One step in the validation of the quality of atmospheric down-
scaling with RCMs is the performing of Perfect Boundary Exper-
iments (PBEs) (e.g. Christensen et al., 1997; Rinke et al., 1999).
When GCM-data are downscaled with a RCM, systematic and
random errors imposed at the lateral boundary and at the ocean
surface are unavoidable due to the imperfections inherent in any
GCM. In PBEs the RCM is driven with analysed atmospheric
fields at the lateral boundaries and similar for the ocean surface.
Hence, a PBE is a demanding test of the quality of the RCM with
regard to downscaling, as the results can be compared directly
with observed climate data over the specific time-period. How-

ever, as advocated by Denis et al., (2002), regular atmospheric
climate observations often lack the spatial and temporal resolu-
tions needed for adequate validation of the fine scale features
calculated by the RCM. Fields from very-high resolution data
assimilation are contaminated by inaccuracies of the assimila-
tion method and errors in the model used for the purpose. Finally,
PBEs does not differ between errors originating from the RCM
itself and from the downscaling technique.

Denis et al., (2002) therefore suggested a new type of PBEs
which are fully based on models. This is nick-named the BBE
and enables evaluation of nesting strategies for dynamical down-
scaling. First a reference climate from a RCM simulation is es-
tablished as a pure model product using a large integration do-
main and the high resolution intended for use when downscaling
GCM data. This simulation is called the Big Brother (BB). In
the method proposed by Denis et al., (2002) and used in later
experiments (Denis et al., 2003; Antic et al., 2004; Herceg et al.,
2006; Diaconescu et al., 2007) data from BB are then degraded
towards the common resolution used in the atmospheric compo-
nents of the global climate models (GCM) by simply removing,
or filtering of, the smaller scales. The resulting filtered fields are
then used as lateral boundary data to drive an RCM (called the
Little Brother, LB) which is integrated using the same resolution
as the BB, in a subarea of the BB domain. The climate statis-
tics of the LB is validated by comparing with the unfiltered BB
data in the LB domain. Differences between the two statistics
can unambiguously be attributed to errors associated with the
dynamical downscaling technique, and not to model errors or
observational limitations.

Denis et al., (2002, 2003) introduced the concept of the BBE,
and performed it for a one month long simulation. They found
that time mean and variability of fine scale features are success-
fully reproduced over regions with strong small-scale surface
forcing. Over ocean and away from the surface, less reproducibil-
ity is achieved. Antic et al., (2004) extended the time period to
yield 4 winter months on a domain covering the west coast of
North America. These results are in agreement with predictabil-
ity aspects of forced versus free flows (Anthes et al., 1985; Boer,
1994).

These results were also interpreted to be in favour of the idea
that the RCMs should not be able to change the driving GCM
data on the scales resolved by the latter (e.g. Jones et al., 1995,
1997). We advocate that this interpretation can be a false effect
of the fact that the driving data for the LB are not taken from
a coarse resolution model with associated errors, but from data
which by construction are perfect on the coarser scales. In a BBE
experimental set-up the large scale patterns of the LB should
stay close to the BB data. We therefore take the original BBE a
step further by comparing the original experiments with results
for which the BB data have errors typical for coarse resolution
models.

In Section 2, the RCM HIRHAM used in the study is de-
scribed, before a more detailed description of the experiment
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is given. Then the results are presented in Section 4, before a
summary is given and conclusions are drawn in Section 5.

2. The regional climate model HIRHAM

Our version of the HIRHAM RCM was imported from Max
Planck Institute for Meteorology (MPI) in 1997. A similar ver-
sion was used at the Danish Climate Centre (Christensen et al.,
1996, 1997, 1998). As described in Bjørge et al., (2000) the
model has been used for dynamical downscaling of global cli-
mate scenarios on a rotated spherical grid with 0.5◦ (∼55 km)
horizontal grid resolution and 19 levels in the vertical). The phys-
ical processes are adapted from the ECHAM4 ACGM (Roeckner
et al., 1996).

A more recent version (Haugen and Haakenstad, 2006) of
the HIRHAM RCM is used in this study. In this version, the
dynamical core uses a two-time-level three-dimensional semi-
Lagrangian semi-implicit time-integration scheme, adopted
from the more recent version (no. 5) of the HIRLAM nu-
merical weather prediction model (Undén et al., 2002.). The
physical parametrization package of HIRHAM was modified
to couple to this scheme. Furthermore, the lateral boundary
relaxation scheme, the horizontal diffusion, and the surface
albedo parametrization (Køltzow, 2007) was updated. The lat-
eral boundary relaxation is based on Davies (1976) and is com-
monly in use in RCM’s (e.g. used in 6 out of 8 RCM’s in Rinke
et al., 2006). The linear interpolation in time of the boundary data
was replaced by a cubic interpolation. The changes were imple-
mented in successive steps. In Haugen and Haakenstad (2006) the
model output was validated by downscaling re-analyzed ERA40
data and compared to monthly CRU TS 2.1 gridded observations.
Temperature and precipitation errors were slightly reduced for
Europe in general, and the precipitation errors in particular in
some mountainous areas were much reduced. In addition, the
computational efficiency was improved.

Fig. 1. The different integration domains
used in the study. The large domain (marked
A) is used in the fine- and coarse-resolution
Big-Brother (BB) simulations. The smaller
embedded areas are the large (marked B),
medium (marked C) and small (marked D)
Little Brother (LB) model domains. The
common verification domain which is used
in Figures 2–5 are the innermost area marked
E.

3. The extension of the Big-Brother experiments

In this study the perfect prognosis approach called the poor man’s
Big-Brother Experiment (hereafter referred to as BB) is followed
(Denis et al., 2002). Two BB simulations are done; the first uses of
0.5◦ × 0.5◦ horizontal grid and 31 levels on the big domain shown
in Fig. 1. This simulation is referred to as the fine-resolution
BB and is considered to represent the truth in the experiments.
Small scales features in this fine-resolution BB are removed by
interpolating to a 2.8◦ × 2.8◦ grid with 19 levels by a bi-linear
interpolation in the horizontal and by interpolating from 31 to 19
vertical levels. As in Denis et al., (2002) this degraded data-set,
hereafter referred to as the filtered fine resolution BB data, can be
dynamically downscaled in a smaller domain, thus investigating
to what extent the downscaling can regenerate the filtered small
scale structures.

Compared to Denis et al., (2002) we extend the BB technique
with a second BB simulation in order to more realistically mimic
the actual situation where the coarse-resolution data have to be
taken from a coarse-resolution model. To generate large-scale
data, the model is run with coarser resolution (2.8◦ × 2.8◦ and
19 levels) directly in the same big domain, which is similar to the
approach used by Diaconescu et al., (2007) independent of our
present study. We refer to this simulation as the coarse-resolution
BB.

The filtered fine resolution data must be regarded as represent-
ing the upper bound in the potential quality of coarse resolution
data, since they contain resolution errors without phase shifts.
Differences between results obtained from downscaling filtered
fine resolution BB data and those from downscaling coarse
resolution BB, represent a potential for improvement in dynam-
ical downscaling.

Compared to output from GCM’s, the BB data sets simula-
tions are produced in a limited area with the same model tool
as used for downscaling, thereby referred to as poor man’s BB
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experiments. Both BB runs are forced with the ECMWF ERA40
re-analysis data set at the lateral and surface boundary (Uppala
et al., 2005). All simulations are for the period 1970–1990. The
first year is considered as spin-up and not included in the analysis
that thus contains 20 yr.

The dynamical downscaling of BB data uses the same model
as used to generate the BB data, and is termed Little Brother
simulations (hereafter referred to as LB). In this paper we apply
three alternative LB runs based on three different integration
domain sizes; small, medium and large. For each of the three
LBs, data from both the filtered BB and the coarse-resolution
BB data sets are downscaled. In the LB runs, data at the lateral
boundaries are updated every 6 h, as supported by others (e.g.
Dimitrijevic and Laprise, 2005; Antic et al., 2004). All the three
integration domains are given in Fig. 1. Results from the different
domains are intended to highlight the importance of the domain
size.

It is expected that the filtered BB data set deviates from the
coarse-resolution BB with respect to circulation patterns. Com-
parison between downscaled versions of the two data-sets is
therefore expected to give valuable insight into the abilities of the
downscaling to improve the climatology of the coarse-resolution
BB. The original experiment by Denis et al., (2002) was not prop-
erly designed to address this problem, since the filtered data were
perfect except for the finest scales. To generalize the BB experi-
ments one step further towards practical realism, the downscaling
should be run with several other models than the one used for
producing the BB data. This is not attempted in this study.

4. Results

We focus our attention on the potential qualities of dynamical
downscaling for Norway, even though some aspects of down-
scaling elsewhere are discussed. The 20-yr climatic averages of
the fine-resolution BB, that is, our version of the ‘truth’, is com-
pared with those of the three different LB’s inside a common
verification area for all model domains (see Fig. 1). Similarly,
the quality of daily values of mean sea level pressure (MSLP),
2 m air temperature (T2m), precipitation (PREC), and wind
speed at 10 m heights (V10) is discussed on the basis of bias
error, root mean square error, and temporal correlations relative
to the fine-resolution BB for all model grid points in Norway.
Finally, the day-by-day variability is studied, including the re-
production of extreme values.

4.1. Reproduction of climate averages

Figure 2 show the temporal averages of MSLP for the years
1971–1990 in the fine- and coarse-resolution BB simulation,
along with deviations of each LB version from the fine-resolution
BB. The fine-resolution BB has low MSLP over the ocean west
of Norway and higher over land with a gradient condensed along
the western coastline. In the coarse-resolution BB the zone of

Fig. 2. Results for mean sea level pressure, with equidistance 0.5 hPa,
averaged over the years 1971–1990. Upper left-hand side:
fine-resolution BB; upper middle: coarse-resolution BB and upper
right-hand side: the difference between the coarse- and fine-resolution
BB. The middle row shows the downscaling errors (the difference
between LB results and the fine-resolution BB) for the LB simulations
driven by the filtered BB over the small (left-hand side), medium
(middle) and large (right-hand side) LB integration domain. The
bottom row shows the corresponding errors of the three LB simulations
when driven by the coarse-resolution BB.

strong MSLP gradient does not follow the coast to the same ex-
tent, and the extremes and gradients are weaker. All LB versions
yield too high MSLP. When filtered fine resolution BB data are
downscaled, the LB on small and medium domains give a 1–
1.5 hPa bias with little geographical variation, whilst in the large
domain the bias varies from 1.5 hPa in the north to 3.5 hPa in
the south. With coarse-resolution BB for downscaling the bias
is between 1 and 3 hPa with largest values to the west and south.
The quality of the data for downscaling is shown to be partic-
ularly important, when the LB is applied to downscale filtered
fine resolution BB data in the two smallest domains. For the
largest domain, however, the MSLP bias is slightly worse when
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Fig. 3. Same as Fig. 2, but for air temperature 2 m above the ground
surface with equidistance 0.5 ◦C.

downscaling filtered data, indicating that LB in that case is able
to develop more of its own model-specific features in the inte-
rior. Comparing with the MSLP bias of the coarse-resolution BB,
however, there is otherwise little evidence of improved MSLP-
patterns in the results from downscaling of the coarse-resolution
BB data. One exception is seen over the ocean North West of
Norway (mostly outside the area covered by Figure 2), which
will be discussed below under the comparison of areas outside
Norway.

Figure 3 shows 20-yr climate averages for 2-m temperature
(T2M), which is strongly influenced locally by the different res-
olution of the topography and other ground-surface features.
Hence, over the ocean the coarse and the fine scale BB are similar
since prescribed sea surface temperatures in both cases are taken
from the ERA40 analysis. The Scandinavian mountains are too
smooth and too low in the coarse resolution BB, which therefore
is too warm in these areas. (The T2M from the coarse resolution
BB is not height corrected by post-processing.) However, all LB
computations show little bias error. In fact, the biggest deviations
are found in the large-domain LB when filtered fine resolution

Fig. 4. Same as Fig. 2, but for 24 h accumulated precipitation with
equidistance 0.5 mm (24 h)–1.

BB data is downscaled. This case is ∼0.5◦ warmer than the other
LB results. Some regions at the west coast of Norway have a 0.5◦

too warm climate in all LB simulations, originating from situa-
tions in autumn and winter together with an increased on-shore
wind component compared to the fine scale BB (not shown).

Figure 4 show the 20-yr average climate statistics for pre-
cipitation. Also precipitation patterns are highly related to the
topography, resulting in strong features over the westward fac-
ing coastlines in the fine resolution BB which are absent in
the coarse resolution BB. All LB simulations show consider-
able agreement with the fine scale BB and there are almost no
signals that can be related to the quality of the two data sets
for downscaling. This is in agreement with, for example, Antic
et al., (2004) who stated that complex topography enhances the
downscaling ability of precipitation. Nevertheless, an important
deviation is that precipitation is underestimated in LB with the
small domain. This is a shortcoming of the closeness to the in-
flux lateral boundary. Even though specific humidity and cloud
water is included in the boundary forcing, the HIRHAM RCM
needs a downwind distance time to establish dynamical balance
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between fields like vertical motions and moisture. For the small
domain there is insufficient (lagrangian) time to establish this
balance in air downstream of the lateral boundary before it hits
the mountains in our area of interest. Also, differences in land-
sea mask between the coarse and fine grids close to the lateral
boundary of the small domain, are prone to influence the evapo-
ration from the sea surface. However, we have not quantified this
error. Furthermore, also the precipitation in the large-domain LB
is underestimated in some regions, leaving the LB on medium-
sized domain with smallest precipitation bias. Downscaling the
filtered fine resolution data yields the smallest bias, but the dif-
ference from downscaling the coarse resolution BB is only tiny.
This indicates that the medium-sized domain is closest to the
optimal trade-off between the requirement of necessary mois-
ture spin-up and a proper control of the large scale flow pattern
provided by the driving data. Too much precipitation at the West
Coast of Norway is produced in the same areas where the T2M in
the LB’s show positive bias. Again these deviations are related
to an increased on-shore wind component during autumn and
winter (not shown).

Figure 5 shows the average climatology for wind speed at 10 m
above ground surface. Also this parameter is strongly influenced
by ground surface features such as topography and coast-lines.
In the fine resolution BB, the pronounced average wind max-
ima occur over the oceans along the western coasts of Norway,
which the coarse resolution BB fails to reproduce. This bias is to
some extent corrected when downscaling the coarse resolution
BB with LB applied in the two smallest domains. With the large
domain, the LB results are less restricted by the lateral bound-
aries, and the biases are to a large extent corrected. Downscaling
filtered fine-resolution BB data yields small biases independent
of integration domain, but the improvement above downscaling
coarse-resolution BB data in the largest domain is small.

4.2. Daily statistics for Norway

In this section daily values are presented by monthly statistics
in order to emphasize seasonal variations between BB and LB
computations. In Fig. 6 20 yr statistics for MSLP error, that is,
differences between fine resolution BB and all other model cal-
culations, are given for all land grid points in Norway. The error
measures are the bias, the error in variance of daily values as
a measure of the day-to-day variability, the standard deviation
(SD) of the error, are all shown along with the correlation with
the fine resolution BB. The diagrams show that best verifica-
tion results for MSLP are obtained for all statistical parameters
when LB is applied with a small integration domain and filtered
fine resolution BB data are downscaled. The annual cycles in
statistics for errors in the coarse resolution BB are also present
in the LB results obtained when coarse resolution BB data are
downscaled, irrespective of domain size.

Errors are large in autumn and winter. In these seasons the re-
production of the average climatology of T2M and precipitation

Fig. 5. Same as Fig. 2, but for wind speed at 10 m height with
equidistance 0.5 m s–1.

along the Norwegian West Coast was problematic (not shown),
and the extra-tropical system of cyclones shows its highest activ-
ity. Stronger winds at the lateral boundaries increase the down-
wind distance that the RCM needs to develop smaller scaled
features. At the same time, strong winds are associated with
large gradients in pressure and temperature, and therefore an in-
creased risk of phase errors in the simulations of synoptic and
mesoscale features such as cyclones and fronts. For all measures
the importance of the quality of the data used for downscaling
is demonstrated. For MSLP, it is only for day to day variability,
and to some extent for the correlation, obtained after downscaling
with LB in a large domain, that it is possible to detect an added
value of dynamical downscaling from the coarse resolution BB.

Figure 7 shows similar statistics for daily data for temperature
2 m above the ground. Downscaling decreases the temperature
errors compared to those in the coarse resolution data throughout
the year. This is mainly because the Scandinavian topography
is considerably improved with better horizontal resolution. An-
nually averaged, the T2M is in good agreement with the fine
scale BB, but this hides the fact there are underestimates in
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Fig. 6. Monthly mean error statistics, relative to fine resolution BB, of
daily mean sea level pressure (hPa) over 20 yr and all land-based grid
points in Norway. Shown are bias error (upper left-hand side),
day-to-day variability (upper right-hand side), standard deviation
(lower left-hand side), and correlation (lower right-hand side) for the
six LB simulations and the fine resolution BB.

summer and autumn and overestimates during winter. The errors
are considerably more evenly distributed through the year when
the LB’s downscale filtered fine resolution BB data. It is notice-
able that during summer the smallest bias is calculated with LB
in the medium-sized domain, whilst in winter the smallest bias
is found with the smallest LB domain. This reflects that local
forcing is relatively more important during the summer when
information from the lateral boundary is slowly penetrating the
integration domain. For SD and correlation no added value of
dynamical downscaling of the coarse-resolution BB is found.
For the day to day variability, however, a clear improvement in
the downscaled data is apparent.

The monthly error statistics for daily precipitation is shown
in Fig. 8. Again the best results are obtained when filtered fine
resolution BB data are downscaled, but the smallest bias error
is obtained when LB is applied with the medium sized domain.
This domain is sufficiently small such that the synoptic circula-
tion does not depart significantly from the data imposed at the

Fig. 7. Same statistics as in Fig. 6, but for 2 m air temperature T2M.

boundaries (Jones et al., 1995), but is large enough to allow mois-
ture to adjust downstream from the boundaries over the region
of interest.

Even more important, however, is the added value in precip-
itation data obtained by downscaling the coarse resolution BB
data. This is evident for bias error and the error of the day to
day variability, and the best results are obtained with the largest
LB domain. This contradicts the argument that smaller domains
should be used to ensure that the LB stay close to the large
scale flow in the coarse resolution model. For SD and correla-
tion, downscaling of the coarse resolution BB worsen slightly or
make no impact. The seasonal differences show less correlation
and higher SD during summer and autumn when precipitation is
strongly influenced by convection with a more stochastic nature.
This confirms the findings of Dimitrijevic and Laprise (2005)
based on simulations of 5 July months.

Figures 7 and 8 show that surface temperature and precipita-
tion from downscaled scenarios are not crucially dependent on
the quality of the data used for downscaling. This agrees with
Noguer et al., (1998) who stated that parts of the distribution
of the mentioned variables are controlled by internal processes
in a RCM. However, seasonal deficiencies in the data used for
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Fig. 8. Same statistics as in Fig. 6, but for valid for 24 h accumulated
precipitation.

downscaling are to some degree also seen in the downscaled data
from the LB.

Figure 9 is similar to the three previous figures, but is valid
for wind speed 10 m above the ground. The main features and
differences in wind are seen over the ocean immediately west of
Norway (see Fig. 5). The majority of these grid points are not
included in the statistics of Fig. 9. Again the quality of the data
used for downscaling is important. Downscaling of the coarse
resolution BB adds value in summer, but only for the largest LB
domain for bias error, and in winter for day to day variability for
all LB domains.

From a deterministic point of view dynamical downscaling is
not very efficient, since the SD is quite large for the different LB
simulations. This was also one of the findings of de Elı́a et al.,
(2002). However, the method of dynamical downscaling shows
skill in reproducing the climatology and the day to day variability.
This is especially seen when the coarse resolution forcing is of
high quality. However, also when the driving data deviates from
the correct large scale circulation, dynamical downscaling is able
to reproduce data in agreement with the fine resolution BB.

The analysis done in this section has also been performed in
regions of Norway (Northern Norway, the West coast and the

Fig. 9. Same statistics as in Fig. 6, but for 10 m wind speed.

South East in-land). No differences in the ability of dynamical
downscaling are found between the regions (not shown). This
do not support earlier findings (Dimitrijevic and Laprise, 2005;
Denis et al., 2003) which found that the skill in reproducing
precipitation over the West Coast of North America is higher
than the skill over the East Coast of North America, a region
with weaker topographic forcing. This can be explained by the
fact that in contrast to the wide North American continent, the
southeast part of Norway is strongly influenced by improved to-
pography in the fine resolution grid. The region with best agree-
ment between the fine and the coarse scale BB varies. For MSLP
and precipitation the southeast part of Norway is in best agree-
ment while for wind speed, Northern Norway obtains the best
agreement. For two meter temperature, only minor differences
between regions are found.

4.3. Extreme values for Norway

From the 20-yr-long simulations we extract the 20 highest
(MSLP, T2M, precipitation and wind) and lowest (MSLP and
T2M) daily values from each model simulation. Spatial mean
values and Mean Absolute Error (MAE), SD and Correlation of
the extremes compared to the fine resolution BB are listed in
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Table 1. Each cell in this table gives the average over Norway of the 20 highest and lowest extremes for MSLP, T2M, precipitation and wind speed
at 10 m height in each grid square. Also the average over Norway of the mean absolute error, the standard deviation of the errors, and the Correlation
with the fine resolution Big-Brother are given in each cell of the table.

Fine Coarse Small LB Medium LB Large LB Small LB Medium LB Large LB
resol. resol. forced with forced with forced with forced with forced with forced with
BB BB BBF BBF BBF BBC BBC BBC

Max MSLP 1054.52 1049.78 1054.76 1055.05 1054.47 1049.30 1049.74 1052.16 Mean
4.74 0.26 0.53 0.28 5.22 4.78 2.36 MAE
1.98 0.19 0.27 0.35 1.40 1.28 1.04 SD
0.33 0.99 0.99 0.97 0.71 0.79 0.85 Corr

Max T2m 293.54 289.81 293.52 293.33 293.71 290.23 290.58 291.08 Mean
3.90 0.71 0.77 0.73 3.36 3.00 2.52 MAE
3.04 1.33 1.30 1.28 2.45 2.09 1.86 SD
0.73 0.96 0.96 0.96 0.84 0.91 0.94 Corr

Max Precip 33.89 19.05 33.06 34.34 34.19 37.08 35.60 35.28 Mean
14.84 3.91 3.04 3.32 6.33 4.43 4.14 MAE
8.36 5.56 3.99 4.50 8.57 5.32 5.89 SD
0.42 0.83 0.91 0.89 0.71 0.84 0.83 Corr

Max wind 11.30 11.62 11.13 11.15 11.17 10.36 10.63 10.99 Mean
2.34 0.64 0.64 0.65 1.30 1.08 0.78 MAE
2.71 1.13 1.17 1.17 1.43 1.31 1.21 SD
0.88 0.98 0.98 0.98 0.97 0.97 0.97 Corr

Min MSLP 970.72 970.17 971.39 971.78 972.79 973.07 973.74 972.06 Mean
1.17 0.67 1.08 2.06 2.36 3.01 1.52 MAE
1.32 0.25 0.59 0.87 1.04 1.22 1.19 SD
0.85 0.99 0.90 0.88 0.87 0.86 0.89 Corr

Min T2m 252.00 254.92 252.37 253.56 252.22 253.60 252.02 253.26 Mean
3.39 0.97 0.99 1.52 1.43 1.29 1.48 MAE
4.10 1.54 1.30 1.58 1.84 1.32 1.57 SD
0.94 0.99 0.99 0.99 0.99 0.99 0.99 Corr

Table 1. In each grid point in Norway, the average over the 20
most extreme values are calculated. The numbers given in Ta-
ble 1 are averages of all the thus obtained grid point specific
extremes in Norway. Table 1 also gives the MAE, the SD of
the error, and the correlation with the fine-resolution BB data
(‘the truth’). The coarse resolution BB clearly underestimates
the highest pressures, while the LB simulations stay close to
their driving data. However, when the downscaling domain is
sufficiently large, an improvement for events with high MSLP
appears. For low surface pressures we do not see the same im-
provement.

The LB results which are produced by downscaling the filtered
fine resolution BB data, reproduce the maximum temperatures
well. The coarse resolution BB underestimates the highest tem-
peratures considerably, and this also influences the results from
the LB downscaling. However, the underestimation decreases
when the LB domain increase in size. For the minimum T2M
the coarse resolution BB overestimates, but for the LB downscal-
ing the results’ quality depend less critically on the data used
for downscaling. Extremely low temperatures are often deter-
mined as a result of weak turbulent fluxes in the stable planetary

boundary layer which is strongly influenced by long-wave ra-
diative cooling during nights with anticyclonic subsidence and
clear skies. Also extremely high temperatures are generated lo-
cally during anticyclonic subsidence and a stable boundary layer.
The local component is further enhanced by the fact that evap-
oration from the ground is an important moderator (Schär and
Jendritzky, 2004). However, whilst radiative cooling during night
feeds positively back on the stabilization of the boundary layer,
the strong solar radiation during heat-waves tends to destabi-
lize the column. Extremely high temperatures therefore depend
on dynamical processes which suppress destabilization, such as
strong anticyclonic subsidence coupled with horizontal advec-
tion of deep tropospheric layers of potentially warm air. High
temperatures are therefore more influenced by the lateral bound-
ary conditions than low temperatures.

The maximum precipitation is considerably underestimated in
the coarse resolution BB, but any downscaling with LB signifi-
cantly improve this situation, even though there is a tendency of
to overestimate when coarse resolution BB data are downscaled.
Furthermore, relative high values of MAE and SD suggest that
the localization is probably not the same in the downscaled data
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as in the fine scale BB. The LB results obtained when using
the medium or large domains are considerably better than those
obtained when the small domain is used.

Little difference between the experiments is found for extreme
winds, although surprisingly the strongest winds are produced
with the coarse resolution BB. However, compared with the fine
resolution BB the MAE, SD and correlation show considerable
improvements by downscaling with the LB. The statistical pa-
rameters indicate that the coarse resolution BB compensate ar-
tificially for higher/lower wind speeds compared to the fine res-
olution BB. The high correlations for the LB which downscales
the coarse resolution BB data, documents an increased ability
to localize wind extremes. Also in this case, the best results are
obtained with the largest LB domain.

4.4. Climate of the large LB domain

Figure 10a show the differences in climatological average of
MSLP between the coarse- and the fine resolution BB. The high-

Fig. 10. (a) Fine scale Big-Brother MSLP
(average 1971–1990) minus coarse
resolution Big-Brother MSLP (1971–1990).
Equidistance is 0.5 (b) Coarse resolution
Big-Brother MSLP (1971–1990) minus
MSLP (1971–1990) from downscaled coarse
resolution Big-Brother with LB in the largest
domain.

est resolution gives a deeper low pressure system in the North
Atlantic Ocean, the Barents Sea, and parts of the westward facing
European regions. Pressure is otherwise higher over major con-
tinental areas in Eurasia, Canada and Greenland. The difference
over Greenland is probably a consequence of higher Greenland
topography in the fine resolution version influencing the post-
processing of MSLP.

The difference in climatology between the coarse resolution
BB and its downscaled results with the large domain LB, is
given in Fig. 10b. The patterns are to a large extent equal, but
opposite in signs to those of Fig. 10a. Thus, downscaling partly
repairs the MSLP errors over Greenland. Over the North At-
lantic Ocean, however, the downscaling slightly increases the
error in the MSLP present the coarse resolution BB, except over
the Barents Sea where downscaling reduces MSLP and thus re-
pairs the error in the coarse resolution BB. Over continental
Eurasia (Finland/Russia) the LB increases the MSLP towards
the fine resolution BB. It has earlier been stated that RCMs are
not able to reduce circulation errors in coarse resolution driving
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data (Noguer et al., 1998). However, this study indicates that at
least in some regions and with a sufficiently large integration
domain, it is possible to improve the climate of the large scale
circulation.

Except for differences close to the lateral boundaries, the only
major differences found in T2m, precipitation and wind speed
are those already discussed for the Scandinavian area. Elsewhere
they are remarkable similar (not shown).

5. Discussion and conclusions

In this study abilities and limitations of dynamical downscaling
of global climate model data have been investigated by employ-
ing an extended version of the BB approach introduced by Denis
et al., (2002). Compared to earlier studies, the simulation length
(20 yr), the size of the integration domain, and the geographical
scope are new. Furthermore, the investigation of the impact of
the quality of the data being downscaled is an extension com-
pared to the original method of Denis et al., (2002), and follows
the same approach as Diaconescu et al., (2007).

Eight simulations were performed in total. Two 20-yr BB sim-
ulations are made, one with 0.5◦ horizontal resolution and 31
levels and another with 2.8◦ horizontal resolution and 19 lev-
els. The first of these were established to mimic the truth, to
which all the LB simulations (on a small, medium and large
domain) were compared. The LBs were forced with both fil-
tered data from the fine-resolution BB run (‘the truth’) and with
data from the coarse BB simulation. The second constituted the
data for dynamical downscaling. This is a step towards real-
ity compared to the procedure of downscaling fine resolution
BB data after removal of the fine-scale structures by filtering,
which represent the highest possible quality of coarse resolution
data.

When the LB is used to downscale high quality data they
manage to reproduce the climatology and variability of the fine
resolution BB very well. However, when the integration domain
is large the LB circulation pattern may deviate from the fine
resolution BB. This is especially seen in the MSLP fields. In a
small domain the low-level circulations (i.e. the MSLP-pattern)
is to a large extent steered by the lateral forcing and agree well
with the fine resolution BB, but in this case the LB fails to re-
generate some important features of precipitation because the
closeness to the lateral boundary hampers upstream moisture
adjustment. This illustrates that the optimal domain should be
small enough to constrain the large scale circulation, but suffi-
ciently large to allow small scale features to develop (Jones et al.,
1995). On the other hand, this is not necessarily true when the
quality of forcing data at the lateral boundaries is inferior. The
regeneration of extreme values shows skill both in values and in
localization.

The basic assumption behind dynamical downscaling is that
RCMs should produce realistic fine scale features just by being
fed by large scale and low resolution information at the bound-

aries. This study supports this assumption, although we find this
positive impact in a region strongly dominated by local forcing
by local topography and complex coastlines. This confirms sug-
gestions by Anthes et al (1985) and Boer (1994), and does not
contradict the results of de Elı́a and Laprise (2003) since they
focused on unforced variability.

When the LB is used to downscale coarse resolution BB data
which have lower quality than the filtered fine resolution data,
it has problems in regenerating the correct large scale patterns,
such as those characterized by the MSLP. This is in agreement
with the findings of Diaconescu et al., (2007) with a rather small
integration domain (4500 km × 4500 km) for the LB. However,
our results indicate that with a sufficiently large domain, the LB is
able to correct some of the deficiencies. For more local weather-
related variables such as T2M, precipitation, and 10 m wind,
skillful climate information is generated by the LB. We find that
a large integration domain enhances the improvements, both in
climate averages and for the day to day variations. Extremes in
weather are potentially important when assessing consequences
of climate change, and they are often related to features which are
not properly resolved in GCMs. An important issue is therefore
to what extent dynamical downscaling can reproduce extreme
events when they are not explicitly present in the data applied
for downscaling. Also in this respect we find that the LB has
ability to regenerate extremes with quality which increases with
increasing size of the integration domain.

In conclusion, we find that there is little doubt that downscal-
ing may add value to coarse resolution data in areas dominated
by local quasi-stationary forcing. We have also seen that, for a
high-quality RCM, when the downscaling configuration allows
improving the quality of the coarse resolution data, even better
results may be obtained.

This conclusion should be used with some caution. For ex-
ample, real dynamical downscaling of data from global climate
scenarios represents even one step further in BB experimenta-
tion compared to our work. This step concerns that the coarse
resolution GCM data in reality are produced with a consider-
ably different model than the LB. Some aspects of our conclu-
sions may depend on the simplification that the coarse resolu-
tion data are produced with the same model system as the LB
except for resolution and integration domain. Deficiencies re-
vealed in BBE may interact with other sources of error in a real-
istic downscaling set-up. Such aspects are recently discussed by
Jacob et al., (2007), but without formally addressing the domain
size.

Another caution relates to the fact that our ‘truth’ actually
is a model product of the same type as used to produce the
calculated data that are validated. Hence, the missing source of
climate variability clearly present in a pure atmospheric RCM,
is also missing both in our version of the ‘truth’ and in the coarse
resolution BB data. Our experiments are therefore not designed
to properly account for insufficient climate variability related to
interactions with, for example, the oceans (Castro et al., 2005).
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