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ABSTRACT

The ability of the Weather Research and Forecasting model (WRF) to simulate precipitation over Spain is
evaluated from a climatological point of view. The complex topography and the large rainfall variability make
the Iberian Peninsula a particularly interesting region and permit assessment of model performance under
very demanding conditions.

Three high-resolution (10 km) simulations over the Iberian Peninsula have been completed spanning a
30-yr period (1970–99) and driven by different datasets: the 40-yr European Centre for Medium-Range
Weather Forecasts Re-Analysis (ERA-40) as ‘‘perfect boundary conditions’’ and two general circulation
models (GCMs), the Max Planck Institute ECHAM5 model (ECHAM5/MPI) and the NCAR Community
Climate System Model, version 3 (CCSM3). The daily precipitation observational grid Spain02 is employed
to evaluate the model at varying time scales. Not only are the long-term means (annual, seasonal, and
monthly) examined but also the high-order statistics (extreme events).

The WRF provides valuable information on precipitation at high resolution and enhances local spatial
distribution due to orographic features. Although substantial errors are still observed in terms of monthly
precipitation, especially during the spring, the model is largely able to capture the various precipitation re-
gimes. The major bene�ts of using WRF are related to the spatial distribution of rainfall and the simulation of
extreme events, two facets of climate that can be barely explored with GCMs.

This study shows that WRF can be a useful tool for generating high-resolution climate information for
Spanish precipitation at spatial and temporal scales that are crucial for both the environment and human life.

1. Introduction

General circulation models (GCMs) are currently the
prime source of information for future climate pro-
jections. Indeed, they are extremely useful, providing
comprehensive knowledge of the large-scale climate.
However, because of their coarse resolution, they are still
unable to capture local features of climate and produce
detailed information about climate at scales that are
crucial to the population and the natural environment.

Dynamical downscaling by means of a regional climate
model (RCM) enables the generation of high-resolution
projections of climate change scenarios, and thus over-
comes the resolution limitation of GCMs. The technique
consists of �nding an approximate solution to the equa-
tions of the atmosphere at high resolution over a con�ned
region, using the GCMs to specify the boundary condi-
tions. As a consequence, RCMs are able to resolve local-
scale circulations that the GCMs cannot be expected to
capture, providing added-value information with respect
to the boundary data (Antic et al. 2006; Laprise 2008).
In particular, the bene�t of high-resolution simulations
is related to those aspects of climate that are essentially
local and unevenly distributed, such as precipitation
(Rummukainen 2010).
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Precipitation plays a critical role in environmental,
social, and economic issues (e.g., agriculture, water
resources, �ood risk), and its accurate description by
regional models is crucial to determine possible climate
change repercussions. The long-term means must be
correctly reproduced because they directly affect water
availability and hydrologic al processes. However, daily
precipitation and the associated extreme events must
also be captured, since their occurrence and intensity
have major effects on the population and the ecosys-
tems. Consequently, it is essential to assess, from
a multitemporal viewpoint, the reliability of the high-
resolution projections produced by climate models.

The necessity to study boththe mean climatic values
and the high-order statistics of precipitation has already
been emphasized (Leung et al. 2003; Solomon et al. 2007).
Several authors (Caldwell et al. 2009; Evans and McCabe
2010; Jacob et al. 2007; Rosenberg et al. 2010) have fo-
cused on RCM performance in terms of precipitation and
have addressed the extreme event issue to various degrees.
They all highlighted that RCMs generally improve rainfall
frequency and spatial distribution with respect to the
boundary data, although some studies (Boberg et al. 2010;
Kjellstrom et al. 2010) obtained unsatisfactory results over
southern Europe and especially over the Iberian Peninsula
(IP). Although the low observation densities used in these
studies may hinder the validation, the poor results are
probably a consequence of the Iberian precipitation
peculiarities as well.

The IP constitutes an important challenge to RCMs, as
evidenced by the studies referenced above. The location
in the midlatitudes, which confers large precipitation
variability to the area, and the complex topography that
characterizes the region makes precipitation especially
dif�cult to simulate. Although it is true that dynamical
downscaling is particularly bene�cial over regions with
complex terrain, the largest deviations from the observa-
tions are still located over the mountainous regions (Gao
and Giorgi 2008; Heikkilä et al. 2011; Herrera et al. 2010).
Precipitation is highly variable over very small distances in
these regions and thus signi�cant errors can be obtained
due to slight misplacements of rainfall. Many parameter-
ization schemes have been tuned to datasets from pristine
surface and environmental conditions (Stensrud 2007)
and thus they still have to be validated over complex
terrain areas to ascertain their validity. Moreover, the IP is
located in the western Mediterranean Sea, a region that is
expected to be among those most affected by pre-
cipitation decreases across the globe (Christensen et al.
2007). Therefore, the Weather Research and Forecasting
model (WRF)’s validation over Spain is not only in-
teresting to produce climate change projections over the
region but also might provide valuable information about

regional climate modeling over areas believed to be
particularly vulnerable to climate change.

In this study, three 30-yr climate runs were completed at
10-km resolution over the IP with the WRF (Skamarock
et al. 2008) to evaluate its capacity to simulate Spanish
precipitation and to determine its adequacy for future
climate simulations over Spain. The simulations spanned
the 1970–99 period and were driven by both observational
reanalysis and global models. The use of these two kinds
of boundary data made it possible to elucidate whether
inadequacies in the simulations were generated by the
RCM or inherited from the GCM (Evans and McCabe
2010). Therefore, the suitability of the two different
GCM–RCM combinations for climate studies over Spain
is explored here in terms of precipitation. Herrera et al.
(2010) carried out a similar analysis over Spain using the
25-km RCM simulations included in the ENSEMBLE-
based predictions of climate changes and their impacts
(ENSEMBLES) project that were driven with 40-yr Eu-
ropean Centre for Medium-Range Weather Forecasts
Re-Analysis (ERA-40) (Uppala et al. 2005). In the pres-
ent work, the validation was extended to simulations
driven by GCMs and using WRF, which was not included
in the aforementioned project. Furthermore, the spatial
resolution employed (10 km) has no precedent over 30-yr
(climate) intervals, highlighting the state-of-the-art nature
of this study of exploring the bene�ts of applying a �ner
mesh to the projection of long-term climate.

2. Observational dataset and the regional climate
model

a. Observational dataset

The selection of an appropriate dataset to validate the
RCMs is certainly not a trivial task. Gridded datasets
derived from observations are probably the most ade-
quate tool to validate an RCM because their spatial
scales are comparable, in contrast to in situ measure-
ments. Observational gridded datasets, such as the
ENSEMBLES daily observational gridded dataset
(E-OBS) (Haylock et al. 2008), are usually created using
networks that are too sparse over certain areas (e.g., the
IP) and thus might be prone to substantial errors, par-
ticularly in terms of extreme events. Herrera et al.
(2012) have recently developed a daily precipitation grid
over Spain using 2756 quality-controlled stations, which
amounts to an extraordinarily dense network. The so-
called Spain02 dataset is a regular 0.28(; 20 km) daily
gridded dataset that spans a 54-yr period (1950–2003)
and covers peninsular Spain and the Balearic Islands.
The density of stations allowed the generation of a high-
resolution gridded dataset that accurately captures local
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regimes and the upper percentiles of precipitation
(Herrera et al. 2012). The technique used to generate the
dataset (ordinary and binary kriging) produces weighted
averages of precipitation over the grid cells instead of the
local measurements provided by the stations and hence
the product is speci�cally suited for comparison with
model estimates.

Precipitation in Spain can be roughly classi�ed within
three main regions: the eastern coast, the northern
Cantabrian coast, and the south and interior of the IP
(Esteban-Parra et al. 1998). During the summer, the
latter can be further divided in two regions, northern
and southern interior. A broad northwest–southeast
decreasing gradient in annual mean precipitation char-
acterizes the region, essentially due to the distance from
the storm tracks. Topography also plays a role and
contributes to the spatial distribution of precipitation
regimes.

The nature of precipitation varies considerably across
the region. The eastern coast (EC) rainfall has a marked
convective component that produces few but intense
events that in general result in low annual precipitation
(e.g., , 150 mm yr2 1 in the southeast). In contrast, the
northwest presents a precipitation regime associated with
the presence of Atlantic fronts, characterized by more
regular precipitation events and climatological values
close to 2000 mm yr2 1. There are also some localized
centers of high precipitation induced by topography
(mountain systems in the interior and south).

In addition, the Spanish rainfall is markedly seasonal
due to the seasonal shift of the Azores high pressure
center. The Azores high acts as a blocking system during

the summer and drives the fronts toward the IP from
October to March.

The spatiotemporal variability in precipitation and
the different processes involved in its generation make
Spain a region of particular interest in terms of regional
climate modeling.

b. The WRF model

The climate simulations over the IP were performed
using the Weather Research and Forecasting model
version 3.1.1 (Skamarock et al. 2008). The WRF model is
a mesoscale numerical weather prediction system that
integrates the fully compressible, nonhydrostatic Euler
equations in their �ux form. It has been developed for
both operational forecast and atmospheric research
needs, and hence includes a large number of con�gura-
tion options to meet the requirements of applications
at very different spatial and temporal scales.

The spatial con�guration of the model consisted of two
one-way nested domains. A parent 30-km-resolution do-
main is formed by 1203 130 grid points and covers most of
western Europe and a large portion of the northern At-
lantic. The �ner 10-km resolution composed of 135 3 135
grid points accommodates the whole IP (Fig. 1). In the
vertical, the atmosphere is divided in 35 eta-coordinate
levels with its top located at 50 hPa.

The model was driven by ERA-40 to provide ‘‘perfect
boundary conditions’’ and two GCMs: 1) the Max Planck
Institute ECHAM5 model (Roeckner et al. 2003) and
2) the National Center for Atmospheric Research (NCAR)
Community Climate System Model, version 3 (CCSM3)
(Collins et al. 2006). These GCMs were selected to force

FIG . 1. (a) Topography of the studied region and the location of the WRF domains (white solid lines). (b) The 10
precipitation climate divisions obtained with the multistep technique: northwest (NW), Cantabrian Coast (CA),
north central (NC), northeast (NE), islands (IS), east central (EC), interior (IN), southwest (SW), southern interior
(SI), southeast (SE).
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WRF to examine its suitability for climate change
studies over Spain. These three simulations will be re-
ferred to from now on as WRFERA, WRFEH5 and
WRFCCSM, respectively. In all cases, the boundary
conditions were provided every 6 h using a relaxation
zone and spectral nudging (von Storch et al. 2000;
Waldron et al. 1996). Spectral nudging lessens the ef-
fects of the domain design and prevents the model from
synoptic-scale climate drifts generated by the formula-
tion of lateral boundary conditions over an open sys-
tem during long-term simulations (Miguez-Macho et al.
2004). The use of spectral nudging is still controversial,
but its application to RCMs makes regional climate
modeling a real downscaling procedure rather than a
boundary value problem (Rummukainen 2010). In any
case, a reasonably weak spectral nudging was used in
these simulations, adjusting only waves greater than
approximately 3900 km (wavenumber 1) with a 24-h
periodicity and only over the coarser domain. No vari-
ables were nudged in the planetary boundary layer
(PBL), and humidity was not nudged at all.

The physics options were selected in accordance with
tests performed in a previous study over a similar region
(Argü eso et al. 2011). The WRF single-moment three-
class scheme (Hong et al. 2004) was chosen for micro-
physics because no bene�t was gained with more complex
and computationally expensive schemes. The cumulus
scheme was set to Betts–Miller–Janjic´ (Betts and Miller
1986; Betts 1986; Janjic´ 1990, 1994), a deep-layer control,
adjustment scheme that includes both deep and shallow
pro�les. The Asymmetrical Convective Model, version 2
(ACM2) scheme (Pleim 2007) was adopted for the PBL,
because it is suited to smoothly change from a combination
of local and nonlocal transport under unstable conditions
to exclusively local behavior in stable situations. Both
longwave and shortwave radiation were parameterized
by the NCAR Community Atmosphere Model, version
4 (CAM3). The CAM3 scheme (Collins et al. 2004) is
recommended for regional climate because it has an ozone
distribution that varies on a monthly basis and allows
for updating greenhouse gas concentrations depending on
the different Special Report on Emissions Scenarios
(SRES), which represents an important advantage for
climate change studies. The Noah land surface model
(LSM) (Chen and Dudhia 2001) was chosen to represent
the land–atmosphere �uxes because of its widespread use
in long-term simulations.

The 30-yr simulations were divided into three decadal
integrations (1970s, 1980s, 1990s) to optimize compu-
tational resources. A conservative 7-month spinup was
applied to ensure that all variables, including soil moisture
and temperature, reached a dynamical equilibrium be-
tween the boundary conditions and the model dynamics.

It also allows the model to be independent from the
initial conditions. This is particularly important in the
case of GCM-driven simulations, since the boundary
data lack the complete set of soil variables to initialize
the LSM and hence must be retrieved from an additional
data source. Indeed, the soil variables were calculated as
a June climatological value from ERA-40 and then used
to start the LSM.

3. Evaluation parameters

To compare the WRF estimates with the Spain02
dataset, the WRF grid was projected onto the Spain02
grid using the nearest four points via inverse distance
weighting. The selection of the nearest four points stems
from the resolution difference between both grids (10 vs
20 km). Therefore, the term grid point will hereafter
refer to the Spain02 mesh.

A climatological value at each grid point was obtained
as the mean annual accumulated precipitation over the
30 yr. The total annual rainfall amounts from Spain02
and WRF were compared using the pattern correlation
(Walsh and McGregor 1997), which is essentially a stan-
dard Pearson’s correlation over the space. As a result, it is
possible to determine the model capacity to adequately
distribute precipitation across Spain and identify areas
where deviations in the annual rainfall are larger.

The seasonal and annual biases for monthly pre-
cipitation were calculated to provide further detail of
the time-averaged differences between the model and
the observational grid.

The ability of the model to describe the annual cycle
was also explored by region. To that purpose, the mul-
tistep regionalization technique proposed by Argüeso
et al. (2011) was conducted to de�ne precipitation cli-
mate divisions and then the annual cycle was calculated
over the different regions. The technique consists of
three concatenated methods [S-mode principal compo-
nent analysis (PCA), hierarchical clustering, and non-
hierarchical clustering] that determine the suitable
number and con�guration o f the af�nity areas in an
objective way. A 10-division con�guration was suggested
by the method for Spanish precipitation (Fig. 1b), which
appears to be qualitatively consistent with local topog-
raphy and the distribution of rainfall regimes. However,
an in-depth evaluation of the technique is beyond the
scope of this paper.

The distribution of precipitation in different intensity
events can be studied by the analysis of the probability
density function (PDF). Precipitation PDFs are usually
skewed toward light rainfall events and extreme events
are unlikely. Despite the probability disparity between
heavy and light precipitation events, their contribution
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to annual rates is equally determinant. Small errors in
the simulation of upper-percentile precipitation events
might affect total annual rainfall signi�cantly. But
large differences in the occurrence of light precipita-
tion also have an effect on annual precipitation de-
viations. A single plot for the complete spectrum of
events might lead to misrepresentation of the PDF
deviations because, depending on the scale (linear or
logarithmical), the errors on either light or severe
precipitation might be given too much importance. In
this study, a pseudo-PDF plot is proposed, in which the
contribution to total annual p recipitation by different
intensity events is calculated. As a result, the devia-
tions in precipitation due to different events can
be shown in a single plot that covers the entire spec-
trum. The pseudo-PDFs are calculated for each of the
previously identi�ed regions considering all grid points
and all wet events (. 0.1 mm day2 1) within a region.
The model’s ability to reproduce the precipitation PDF
is further explored with the Perkins skill score (SS;
Perkins et al. 2007), which quanti�es the common area
between the modeled andthe observed PDF at each
grid point.

Finally, a number of extreme indices selected from
those suggested by the Expert Team on Climate
Change Detection and Indices (ETCCDI, http://cccma.
seos.uvic.ca/ETCCDI/) were also calculated. These
indices were the maximum 5-day precipitation (Rx5day),
the number of days that exceed 10 mm (R10), the
percentage of precipitation explained by events within
the 95th percentile (R95T), the mean annual number
of maximum consecutive dry days (CDD*), and the
mean annual number of maximum consecutive wet
days (CWD*). Please note that the original CDD and
CWD indices were not de�ned as annual means but
as absolute maxima over the studied period. Other
indices, such as the maximum 1-day precipitation
(Rx1day), the number of days that exceed 20 mm
(R20), or the simple daily intensity index (SDII), were
also calculated but are not shown because they did not
give supplementary information in the assessment of
the model performance.

4. Results and discussion

In this section, the precipitation estimates of WRF
driven by different boundary conditions are evaluated
against the Spain02 observational gridded dataset.

a. Annual, seasonal, and monthly precipitation

Figure 2 illustrates the climatological annual precip-
itation for the period 1970–99. The pattern correlation
shown in brackets is a measure of the ability to correctly

distribute the precipitation over the region; however, it
is not sensitive to biases and thus only explains the
spatial similarity of the various maps. All three simula-
tions, driven by ERA-40, ECHAM5, and CCSM, show
considerably high correlations (0.80–0.83), which in-
dicates that the model is able to recreate the in�uence of
topographical features on precipitation and describe the
broad gradient from southeast to northwest. The pattern
correlations directly calculated for the boundary data
precipitation �elds were 0.75 for ERA-40, 0.57 for
ECHAM5, and 0.65 for CCSM.

In general, WRF compares well with the observations
when driven by perfect boundary conditions (ERA-40),
except for some local deviations, mainly in the north-
west. In contrast, the GCM-nested simulations produce
signi�cant errors in the total annual precipitation in
certain regions, although they are highly spatially corre-
lated with observations. To be speci�c, the WRFEH5
simulations tend to produce an excess of rainfall in the
northwestern quarter, whereas WRFCCSM tends to en-
hance the southeast–northwest precipitation gradient.

Figure 3 explicitly shows these WRF deviations with
respect to the observations at seasonal and annual time
scales. The relative biases stress how differently the three
simulations behave. WRFERA produces remarkably
good results in most of Spain and all through the year,
although some positive biases are observed in the north-
ern interior of the Iberian Peninsula, particularly during
the spring. In addition, the model also overestimates
precipitation, especially during the summer, over certain
mountain ranges, such as the Pyrenees in the north and
the Sierra Nevada in the south. The WRF model per-
formance is outstanding during the autumn, when the
bias remains below 25% over practically the entire re-
gion. Autumn rainfall accounts for a large part of the total
annual precipitation in many areas over Spain and in-
deed, the low biases during this season are later re�ected
in the annual deviations.

The simulations driven by GCMs yield contrasting
results in terms of precipitation biases. The major de-
viations are found during the winter and spring for
WRFEH5, and summer and autumn for WRFCCSM.
Unlike the autumn biases that might have a large con-
tribution to the annual total precipitation, summer de-
viations do not signi�cantly affect annual precipitation
because very little rainfall occurs during these months.
However, a proper representation of the summer events
is also important in terms of describing hydrological stress
and droughts, especially along the eastern coast. Addi-
tionally, precipitation in the eastern coast is characterized
by frequent extreme events during the late summer that
should be captured adequately and are caused by warm
Mediterranean surface waters that enhance convective
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