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Abstract We present an analysis of a multidecadal
simulation of present-day climate (1961-1990) over
Europe with the regional climate model RegCM nested
within the global atmospheric model HadAMH. Cli-
matic means, interannual variability and trends are
examined, with focus on surface air temperature and
precipitation. The RegCM driven by HadAMH fields is
able to reproduce the basic features of the observed
mean surface climate over Europe, its seasonal evolution
and the regional detail due to topographic forcing.
Surface air temperature biases are mostly less than 1—
2 °C and precipitation biases mostly within 10-20%.
The RegCM has more intense vertical transport of
temperature and water vapor than HadAMH, which
results in lower surface air temperatures and greater
precipitation than found in the HadAMH simulation. In
some cases this is in the direction of greater agreement
with observations, while in others it is in the opposite
direction. The simulation shows a tendency to overesti-
mate interannual variability of temperature and precip-
itation compared to observations, particularly during
summer and over the Mediterranean regions. It is shown
that in DJF, MAM and SON the RegCM interannual
variability is primarily determined by the boundary
forcing from HadAMH, while in JJA the internal model
physics and resolution effects dominate over many
subregions of the domain, and the RegCM has higher
interannual variability than HadAMH. The precipita-
tion trends simulated by the nested modeling system for
the period 1961-1990 capture some features of the ob-
served trends, in particular the cold season drying over
the Mediterranean regions. Ensembles of simulations
are, however, needed for a more robust assessment of
the model’s capability to simulate climatic trends.
Overall, this simulation is of good quality compared
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with previous nested RegCM experiments and will
constitute the basis for the generation of climate change
scenarios over the European region to be reported in
future work.

1 Introduction

Nested regional climate models (RCMs) have been
increasingly used over the last decade to produce climate
change information at the regional scale (e.g., Giorgi
and Mearns 1991, 1999; McGregor 1997). In particular,
a number of regional climate experiments have been
completed for the European region to assess the possible
changes associated with increased concentrations of
greenhouse gases (GHG) (Giorgi et al. 1992, 1997; Jones
et al. 1995, 1997; Christensen et al. 1997; Christensen
et al. 1998; Rotach et al. 1997; Machenauer et al. 1998;
Réisdnen et al. 2001; Raéisdnen and Joelsson 2001;
Christensen and Christensen 2003). These experiments
used a range of simulation lengths (5 to 30 years), hor-
izontal grid intervals (20-70 km) and model configura-
tions, and provided valuable information on some
mechanisms of fine scale climate change over Europe
and on the systematic biases of regional models over this
region.

One of the issues that have been raised in the Third
Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC 2001) is the lack of coordinated
RCM experiments necessary to provide a comprehensive
view of regional climate changes (Giorgi et al. 2001).
This problem has also hindered a robust evaluation of
the uncertainties related to the projection of regional
climate changes. Partially to address these issues, the
project PRUDENCE (Prediction of Regional scenarios
and Uncertainties for Defining EuropeaN Climate
change risks and Effects, Christensen et al. 2002) has
been recently established aimed at improving our
understanding of regional climate change and related
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uncertainties over the European region. The project is
based on a series of coordinated simulations with dif-
ferent RCMs for various GHG and aerosol emission
scenarios, where all RCMs use comparable domain,
horizontal resolution, simulation period and lateral
boundary forcing fields.

As part of the PRUDENCE project, we completed
three multi-decadal simulations over Europe with the
regional climate model RegCM (Giorgi et al. 1993a,b;
Giorgi and Mearns 1999) nested within the Hadley
Centre global atmospheric model HadAMH (Pope et al.
2000). The simulations cover a present day 30-year cli-
mate period (1961-1990) and a 30-year future climate
period (2071-2100) for the A2 and B2 IPCC emission
scenarios (IPCC 2000). The purpose of these simulations
is to analyze the regional climate change signal over the
European region as affected by the local high-resolution
forcings, the emission scenarios and, in coordination
with the other PRUDENCE model experiments, the
different modeling systems.

The first step towards a better understanding of the
climate change signal is an analysis of the present-day
climate simulation (hereafter referred to as ‘“‘reference”
simulation), which allows the identification and possibly
the physical interpretation of systematic model errors.
Such an analysis is thus presented here while the climate
scenario experiments are examined in a companion
paper in preparation.

In our study we assess a number of measures of
model performance. We begin with the climatological
means and biases, which give an opportunity to identify
systematic model errors and to compare the model
performance with previous experiments that employed
different driving global models and earlier versions of
the RegCM (e.g., Marinucci and Giorgi 1992; Giorgi
and Marinucci 1996b). We then analyze the model in-
terannual variability, which is extremely important in
determining the impacts of climate on many human
activities (e.g., IPCC 1998). In fact, to date, despite the
large number of RCM simulations documented in the
literature, relatively little attention has been devoted to
interannual variability, mostly because RCM simula-
tions of sufficient length for this purpose have become
available only recently.

In this regard, Giorgi and Shields (1999), Pal et al.
(2000), Small et al. (1999) and Sun et al. (1999) presented
evaluations of the RegCM interannual variability over
the continental USA, central Asia and eastern Africa,
respectively. Their simulations were driven by analyzes
of observations, i.e., in the “perfect boundary condi-
tion” mode, and the model showed a good performance
in capturing both the sign and magnitude of the tem-
perature and precipitation anomalies which occurred in
different years over a number of subregions of the do-
mains. Similar results from perfect boundary conditions
experiments were reported by Luthi et al. (1996) and
Fukutome et al. (1999) using different regional models.
The performance of RCMs in reproducing the charac-
teristics of given anomalous seasons has also been
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investigated in a number of studies (e.g., Fennessy and
Shukla 2000; Ji and Vernekar 1997; Cocke and LaRow
2000; Pal and Eltahir 2003; Seth and Rojas 2003; Rojas
and Seth 2003)

Although even relatively short perfect boundary
condition experiments can provide a measure of how a
model reproduces observed climate anomalies, the
evaluation of interannual variability in RCM simula-
tions driven by forcing lateral fields from general cir-
culation models (GCMs) is more difficult. In fact, in this
latter case the model performance cannot be tested
against individual events but needs to be evaluated in its
statistical properties (e.g., Lal et al. 1998). Therefore, the
availability of a 30-year simulation provides us with a
good opportunity to examine the interannual variability
in a nested RCM modeling system.

Finally, we examine and compare with observations
the simulated trends throughout the 1961-1990 period.
Such an analysis can provide additional insights into the
ability of the nested modeling system to simulate cli-
matic trends and changes. The availability of a single
realization limits the robustness of any statements we
can make in this regard, but it allows a qualitative
assessment of the model reliability in simulating regional
climatic trends.

The analysis presented mostly focuses on surface air
temperature and precipitation over land areas within the
domain, because of the importance of these fields for
climate impacts, the availability of gridded observed
datasets for model validation and the possibility of
comparison with previous work. However, some evalu-
ation of upper air circulation patterns is also presented
in order to better assess the model behavior. After a
brief description of the models and experiment design
(Sect. 2) the simulation results are discussed in Sect. 3.

2 Model, experiment design and analysis strategy
2.1 Global atmospheric model

The global atmospheric model which provides the
boundary fields for the RegCM simulations is a high
resolution version of the Hadley Centre global model
HadAM3, which is referred to as HadAMH. The
structure of HadAM3 and its changes compared to the
previous version HadAM?2 are described in some detail
by Pope et al. (2000). The horizontal resolution of
HadAM3 is 2.5° latitude by 3.75° longitude and that of
HadAMH is twice as fine, that is 1.25° latitude by 1.875°
longitude. HadAMH is a hydrostatic, grid point model
with hybrid vertical coordinates. A prognostic cloud
scheme is used (Gregory and Morris 1996) which diag-
noses cloud ice, cloud water and cloud amount from the
primary model variables total moisture and liquid water
potential temperature. Convection is calculated using the
mass flux scheme of Gregory and Rowntree (1990) with
the addition of convective downdrafts (Gregory and
Allen 1991). Boundary layer processes are represented
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using a simplified version of the scheme of Smith (1990,
1993), which only includes local vertical mixing (Pope
et al. 2000). The radiative transfer scheme is described by
Edwards and Slingo (1996) and Cusack et al. (1999) and
includes the effects of a range of GHG, clouds and sul-
fate aerosols. Finally, the scheme of Cox et al. (1999) is
used to describe land surface processes via a soil layer
module, a vegetation module and a snow/soil hydrology
module.

2.2 Regional climate model

The regional climate model used in the present work is
the version of RegCM originally developed by Giorgi
et al. (1993a,b) and then augmented as discussed by
Giorgi and Mearns (1999) and Pal et al. (2000). The
dynamical core of the RegCM is essentially equivalent to
the hydrostatic version of the NCAR /Pennsylvania State
University mesoscale model MMS5 (Grell et al. 1994).
Surface processes are represented via the Biosphere-
Atmosphere Transfer Scheme (Dickinson et al. 1993)
and boundary layer physics is formulated following the
non-local vertical diffusion scheme of Holtslag et al.
(1990). Resolvable scale precipitation is represented via
the scheme of Pal et al. (2000) which includes a prog-
nostic equation for cloud water and allows for fractional
grid box cloudiness, accretion and re-evaporation of
falling precipitation. Convective precipitation is repre-
sented using the mass flux scheme of Grell (1993), while
radiative transfer is computed using the radiation
package of the NCAR Community Climate Model,
version CCM3 (Kiehl et al. 1996). This scheme describes
the effect of different GHG, cloud water, cloud ice and
atmospheric aerosols (see later). Cloud radiation is cal-
culated in terms of cloud fractional cover and cloud
water content, and a fraction of cloud ice is diagnosed
by the scheme as a function of temperature.

2.3 Simulation design and observed data

The reference simulation covers the 30-year period of
1961-1990. The experiment design is as follows. The
HadAMH simulation used to drive the RegCM utilizes
observed SST and sea-ice distribution from the Hadley
Centre HadISST dataset (Rayner et al. 2003). Time-
varying (at 10-year intervals) and spatially uniform
atmospheric concentrations of GHG (CO,, CH4, N>O
and CFCs) for the period 1961-1990 are used, as
provided by the Hadley Centre (Johns et al. 2001).
HadAMH also includes a sulfur cycle module which,
from the time varying emission of DMS and SO,
(Johns et al. 2001), computes three dimensional, time
evolving fields of sulfate aerosol concentration. The
module includes sources, transport, chemical transfor-
mations and removal as well as the direct and indirect
(type I) radiative effects of sulfate aerosols (Johns et al.
2001).
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In order to be run, the RegCM requires initial and
time evolving lateral boundary conditions for wind
components, temperature, water vapor mixing ratio and
surface pressure. These are interpolated into the model
lateral buffer zone (12 grid points) from the HadAMH
fields at 6-hourly intervals. The lateral boundary con-
dition procedure employs a standard relaxation method
with an exponentially varying weighting function (see
Giorgi et al. 1993b). It is important to point out that, for
most PRUDENCE regional model simulations (includ-
ing ours), the HadAMH forcing data were not provided
on the original grid but on a coarser 2.5° latitude by
3.75° longitude grid. As a result, the effective topogra-
phy and landuse of the forcing data is that of the coarser
grid.

Also needed by the RegCM are the SST, sea ice and
GHG concentrations throughout the simulation and the
initial soil water and soil temperature. These are inter-
polated from the corresponding HadAMH fields. Fi-
nally, sulfate aerosols are included in the simulations.
Although the RegCM has an option to incorporate an
anthropogenic sulfur scheme (Giorgi et al. 2002, 2003),
for consistency with the HadAMH simulation, three-
dimensional sulfate concentrations in the RegCM are
directly interpolated from HadAMH at six hourly
intervals. From the three dimensional sulfate concen-
trations, the RegCM radiative transfer scheme computes
the direct sulfate radiative forcing as described in Giorgi
et al. (2002). Note that the calculation of the direct
aerosol forcing in the model includes the effect of rela-
tive humidity on the particle size. A simplified treatment
of the type I indirect aerosol forcing is also included by
allowing the effective cloud droplet radius to decrease
over the continents in response to greater aerosol load-
ings as described in Kiehl et al. (1996).

The RegCM domain and topography are shown in
Fig. 1. The domain covers continental Europe and the
Mediterranean Basin at a 50 km grid interval. Com-
pared to other PRUDENCE models (e.g., Christensen
and Christensen 2003), our domain is slightly shifted to
the south because we cover the entire Mediterranean
area and surrounding regions. Figure 1 also shows 13
subregions selected for more detailed analysis. Note that
these subregions are smaller than those used in previous
RegCM studies (e.g. Giorgi and Marinucci 1996b),
implying a more stringent test of regional performance.
The model is run at its standard vertical configuration of
14 sigma levels, model top at 80 hPa and five levels be-
low about 1500 m. The surface vegetation and landuse
types are obtained from a global dataset derived by the
United States Geological Survey from satellite infor-
mation (e.g., Loveland et al. 1991).

We use two observation datasets for the validation of
surface air temperature and precipitation. The first was
produced by the Climatic Research Unit (CRU) of the
University of East Anglia (New et al. 1999, 2000). This
includes monthly data of temperature and precipitation
over land at a regular 0.5 degree resolution grid for the
period 1901-2001, out of which we extracted data for
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Fig. 1 Model domain and topography. Units are m and the
contour interval is 300 m. Also shown are 13 subregions used for
more detailed analysis. /BE, Iberian Peninsula; /74, Italian
Peninsula; BAL, Balkan Peninsula; TUR, Turkey; NAF, Northwest

1961-1990 for comparison with the model simulation.
New et al. (1999, 2000) provide estimates of the uncer-
tainty associated with the CRU climatology using both
an internal cross-validation procedure and a comparison
with other available observed climatologies. They con-
clude that uncertainties in observed climatic averages for
multi-decadal periods are of the order of 0.5-1.3 °C for
temperature and 10-25% for precipitation, and are
largest over regions characterized by poor station cov-
erage and high spatial variability, such as for example in
many mountainous areas.

The second dataset is that of Willmott and Matsuura
(2001), hereafter referred to as WM. This consists of
monthly half degree resolution land observations of sur-
face air temperature and precipitation for the period
1950-1999, out of which we extracted data for 1961-1990.
In the calculation of the precipitation average, however,
we added to the original data the gauge correction of
Legates and Willmott (1990). This is done because Adam
and Lettenmaier (2003) emphasized that observed pre-
cipitation data are characterized by a systematic under-
estimation, most noticeably because of wind-induced
gauge undercatch of solid precipitation. Precipitation can
also be underestimated because of wind-induced under-
catch of liquid precipitation and wetting losses, although
these effects are less important. The estimated bias due to
the undercatch varies from less than 10% in the warm
season to more than 20% in the Northern Hemisphere
winter months at mid to high latitudes.

Both the CRU and WM datasets do not account for
gauge undercatch and when regionally and decadally

20E 30E 40E 50E 60E

Africa; SEM, Southeastern Mediterranean; ALP, Alps; FRA,
France; BRI, British Isles; CEU, Central Europe; CAR, Carpathian
region; NEU, Northeastern Europe; EEU, Eastern Europe

averaged, they yield similar values. The addition of the
gauge correction to one of the datasets thus allows an
estimate of the uncertainty associated with the gauge
undercatch. Because we add the gauge correction of
Legates and Willmott (1990) to the average data of WM
we refer to the corrected dataset as WM/LW. Note that
the gauge correction is climatological and varies from
month to month throughout the year. Also, in the
comparison of observations and simulations, all data are
interpolated onto the RegCM grid.

Finally, for the validation of atmospheric variables
we use fields from the NCEP (National Center for
Environmental Prediction) reanalysis, which covers the
entire period 1961-1990 at a horizontal grid interval of
2.5 degrees (Kalnay et al. 1996).

2.4 Measures of analysis

A series of measures of analysis are employed here for
model validation. As a measure of the model systematic
error we use the model bias, which is defined as the
difference between the 30-year average simulated and
observed fields. Climatic trends are measured by the
linear trend value obtained from a least square fit line to
the full 30 years of data. The basic measure of interan-
nual variability is the temporal standard deviation,
STDV, defined (e.g. for temperature) by

S (L -T)

STDV =
N -1

(1)
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where N = 30 (years) and T is the 30-year average
temperature. For precipitation the standard deviation is
normalized by the 30-year average, therefore it is effec-
tively a coefficient of variation (CV). This is done be-
cause the precipitation standard deviation is typically
affected by the mean, so that the coefficient of variation
is a more independent measure of interannual variabil-
1ty.

In the comparison of observations and simulations,
all data are interpolated onto the RegCM grid. All the
measures defined in this section are calculated at indi-
vidual grid points and then, when needed, are averaged
over the subregions of Fig. 1. Only land points are
considered in the analysis, and the seasons are defined as
December—January—February (DJF), March-April-
May (MAM), June—July—August (JJA) and September—
October—November (SON).

3 Results
3.1 Seasonal means and biases

We begin our analysis with a comparison of the average
DIJF and JJA 500 hPa heights and winds between the
RegCM and the NCEP reanalysis for 1961-1990
(Fig. 2). The corresponding HadAMH fields were very
close to those of the RegCM, both for geopotential
height and wind circulation, and thus they are not
shown here. As noted in previous nested modeling work,
this is because the large-scale mid-tropospheric circula-
tions in a regional model are primarily controlled by the
forcing boundary conditions.

Overall, the models (both RegCM and HadAMH)
underestimate the 500 hPa geopotential height com-
pared to the NCEP reanalysis throughout the domain in
both seasons, an indication of generally colder tropo-
spheric temperatures. However, the observed height
gradients and associated wind circulations are repro-
duced reasonably well in the simulations, both in their
spatial patterns and seasonal evolution. In the winter, a
ridge dominates over the western European regions and
a trough over the Eurasian continental areas. The model
locates the ridge about 10° to the east of the observed,
but overall the observed wave pattern is reproduced. In
the summer, the sub-tropical high moves northward
over northern Africa and a trough deepens over the
Eastern Mediterranean. In the simulation, the northern
African high is displaced a little south of the observed
and the Eastern Mediterranean trough is somewhat
deeper than observed, but also in JJA the basic observed
large-scale wave structure is captured. The differences
between observed and simulated average circulations
appear to be most pronounced in the northern regions of
the domain, which could affect the simulated climate
over Scandinavia and the Baltic region. A general
agreement between simulation and observations and
between the RegCM and HadAMH experiments was
also found in MAM and SON (not shown).

737

Figure 3 compares the 30-year average seasonal sur-
face air temperature in the CRU observations and the
RegCM simulation. Data are shown only for the interior
of the domain in order to more clearly illustrate the fine
scale topographically-induced detail. The broad spatial
patterns of HadAMH surface air temperatures are not
shown since they were similar to those found in the
RegCM simulation. Overall, the regional model repro-
duces well the observed regional patterns of surface air
temperature and their seasonal evolution. The topo-
graphically induced regional detail, which is of the same
scale in the CRU and RegCM data, is also captured. In
general, the RegCM appears characterized by a pre-
dominant cold bias of a few degrees in MAM and SON,
a predominant warm bias in JJA and more mixed biases
in DJF.

Quantititave estimates of the model temperature
biases can be obtained from Fig. 4, which presents CRU
and WM observations and RegCM and HadAMH
simulated temperatures averaged over the different
subregions of Fig. 1. In this regard, the comparison with
the HadAMH fields should be considered mostly as
illustrative because, although these fields were interpo-
lated onto the RegCM grid, the land areas in the Reg-
CM and HadAMH are different and this can affect the
subregional averages in coastal regions. Also, it is evi-
dent from Fig. 4 that the CRU and WM observed
temperatures are very close to each other. Figure 4
indicates that the regional biases in the RegCM simu-
lation are smaller than 2 °C in the vast majority of cases
and in fact in many cases they are smaller than 1 °C (9
or 10 out of 14 subregions in DJF, JJA and SON, and 4
out of 14 subregions in MAM), with MAM being the
season of largest biases.

As a general consideration, in the evaluation of the
temperatures in Fig. 4 it should be recalled that at least
in mountainous regions (e.g., ALP and TUR) the ob-
served data may be affected by a warm bias due to the
prevalence of low elevation and valley stations com-
pared to high elevation ones (New et al. 1999, 2000). In
addition, the models do not include urban effects, which
may also affect the observations in highly urbanized
regions.

The subregional biases in the HadAMH simulation
are of similar magnitude as in the RegCM simulation,
but they have a different seasonal distribution. In fact, in
contrast to the RegCM, the HadAMH simulation is
characterized by surface temperatures predominantly
warmer than observed, especially in DJF. This is due to
a feature evident in Fig. 4, i.e., that the near-surface air
temperature over land appears systematically lower in
the RegCM than in HadAMH, by order of several
tenths of a degree to a few degrees in different subre-
gions of the domain. To gain an understanding of this
result, Fig. 5a,b shows the vertical profile of the differ-
ence between RegCM and HadAMH temperature and
water vapor mixing ratio averaged over all land areas
encompassed by the 13 land regions of Fig. 1. Fig. 5a,b
shows that the RegCM is colder and drier than the
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Fig. 2 Average geopotential height (m) and wind (m/s) at 500 hPa.
a DJF, NCEP reanalysis; b DJF, RegCM simulation; ¢ JJA, NCEP
reanalysis; d JJA, RegCM simulation

HadAMH in the boundary layer and lower troposphere
and it is warmer and moister in the mid to high tropo-
sphere.

These results indicate that the RegCM has a more
efficient vertical transport of energy and water vapor
from the boundary layer to the free troposphere. One
reason for this behavior is the use of different planetary
boundary layer schemes in the models. The RegCM
adopts a non-local boundary layer representation in
which the vertical eddy diffusion coefficient follows a
prescribed profile between the surface and the boundary
layer top, which is calculated from the bulk stability of
the lower troposphere (Holtslag et al. 1990). In other
words, in this non-local scheme the vertical diffusion
depends on the bulk stability of the boundary layer.
Conversely, HaddAMH adopts a local formulation in
which the vertical diffusion coefficient depends on the
local thermal stability (Pope et al. 2000). Giorgi et al.
(1993a) showed that non-local schemes tend to enhance
vertical heat and moisture transport compared to local
schemes, thereby leading to a relative cooling and drying
of the surface.

A second reason for the difference profiles of Fig. 5
may be attributed to the use of different convection
schemes. The net effect of convection is to redistribute
vertically, and in particular transport upward, energy
and moisture. As seen in Sect. 2, both HadAMH and the
RegCM use mass flux cumulus convection schemes.
However, the schemes adopt different closures and
parameter assumptions, and as a result their efficiency in
redistributing heat and moisture may be different. This
effect would be especially important in the warm season,
when cumulus convection is more active.

A third contribution to the lower near-surface tem-
peratures and water vapor amounts in the RegCM
could also derive from the land surface process
schemes, which are different in the models. The Reg-
CM uses the BATS scheme, while HadAMH adopts
the scheme of Cox et al. (1999). Several components of
the land surface schemes may contribute to the differ-
ences in surface air temperature between the models,
for example the treatment of the drag coefficient, the
transpiration process, or the simulation of the cycle of
snow formation and melting, and it is difficult to
identify which of them might be important. Regardless
of the specific cause of the difference in lower level
temperatures between the RegCM and HadAMH this
appears to be a systematic effect.

Figures 6a—h compares the average CRU and Reg-
CM precipitation in the interior model domain for the
four seasons. In DJF (Fig. 6a) the Mediterranean region
experiences its wet season characterized by a maximum
in the frequency of storms crossing the region. The North
Atlantic storm track also induces heavy precipitation
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over the western and northern European regions. With
the onset of the warm season (Fig. 6e), the storm track
progressively migrates to the north, inducing wet condi-
tions over central Europe and dry conditions over the
Mediterranean basin. Intermediate conditions are found
in MAM and SON (Fig 6c and g, respectively). As shown
by Fig. 6, the RegCM experiment captures the broad
spatial pattern of precipitation and its seasonal evolu-
tion. This is the case also for the HadAMH simulation
(not shown for brevity), although HadAMH obviously
exhibits less high-resolution detail. HadAMH is thus
successful in capturing the seasonal evolution of the
primary storm tracks affecting the European region and
transmits this information to the RegCM through the
lateral boundary forcing.

Observed precipitation shows a number of topo-
graphically induced fine scale regional features, such as
maxima over the Alpine, Balkan and Carpathian re-
gions, and the western coastal ranges of the Iberian
Peninsula, the British Isles and the Scandinavian Pen-
insula. These features are evident in all seasons, al-
though with varying magnitudes. The RegCM
successfully reproduces these regional maxima in all
seasons, although their simulated intensity may differ
from observations. In particular a tendency is noted in
the RegCM to produce larger precipitation amounts
than in the CRU observations, generally throughout the
simulation and in particular over some of the topo-
graphical chains in the warm season.

A quantitative evaluation of the precipitation simu-
lation over different subregions is given in Fig. 7, which
presents the regional precipitation averages calculated
from the two observed and modeled datasets. As dis-
cussed in Sect. 2, the WM/LW dataset includes a cor-
rection to account for the gauge undercatch of
precipitation and it is interesting to first compare the
regional precipitation amounts in the two observed
datasets. The WM/LW precipitation is consistently
higher than the CRU precipitation in all regions and
seasons, with the exception of a few regions in JJA. The
gauge correction is maximum in DJF and over eastern
European and mountainous regions, where the DIJF
precipitation is higher in the WM/LW data than in the
CRU data by up to 25-35%. Overall, when averaging
over all regions, the DJF precipitation is higher in the
WM/LW data than in the CRU data by about 25%.
Also in MAM and SON the gauge correction is sub-
stantial over a number of regions and, when averaged
over all regions, it amounts to about 12% in MAM and
15% in SON.

It is also interesting to compare the RegCM and
HadAMH precipitation amounts. A systematic differ-
ence between the two models is noted by which the
RegCM tends to produce greater precipitation than
HadAMH. This may be due to different causes. First,
Giorgi and Marinucci (1996a) showed that the simula-
tion of precipitation may be sensitive to the model res-
olution regardless of the topographic forcing. In
particular, in their experiments precipitation tended to
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Fig. 3 Observed (CRU) and simulated (RegCM) average surface
air temperature for the period 1961-1990 in the interior model
domain. a DJF, CRU; b DJF, RegCM; ¢ MAM, CRU; d MAM,

1990

(d) T, AVE, RegCM, MAM, 1961

, AVE, CRU, MAM, 1961_1990

() T

RegCM; e JJA, CRU; f JJA, RegCM; g SON, CRU; h SON,
RegCM. Units are degrees C and the contour interval is 3 °C
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(f) T, AVE, RegCM, JJA, 1961_1990

B R PR o e

(e) T, AVE, CRU, JJA, 1961_1990

Fig. 3 (Contd.)

increase at finer resolutions. Greater topographic forc-
ing at higher resolution would then further strengthen
this effect. The greater vertical transport of water vapor

1961_1990

(h) T, AVE, RegCM, SON,

30E 35E 40E

5l

, AVE, CRU, SON, 1961_1990

(@T

in the RegCM (Fig. 5b) may also contribute to greater
precipitation amounts by enhancing uplift and sub-
sequent condensation of water vapor. Finally, the
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Fig. 4 Observed (CRU and
WM) and simulated (RegCM
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different convection schemes in the models may be
characterized by different precipitation efficiences.
Overall, Fig. 7 indicates that the RegCM simulation
tends to overestimate precipitation when compared to
the CRU data, with MAM being the season with the
most pronounced overestimate. The RegCM precipita-
tion is more in line with the gauge corrected WM/LW

Subregion

observations except in MAM, when a precipitation
overestimate is still found. Conversely, the HadAMH
simulated precipitation is more in line with the CRU
observations, with a tendency to underestimate precipi-
tation in JJA, especially over the Alpine region. The
seasonal precipitation bias in the RegCM compared to
the CRU dataset is less than 25% in the majority of
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Fig. 5 Vertical profile of the difference between RegCM and
HadAMH average a temperature and b water vapor mixing ratio
(Q). The average is taken over all land points included in the 13

cases, with a number of cases of larger bias in MAM.
The biases are smaller compared to the WM/LW data-
set, with magnitudes mostly less than 10-20%. Similarly,
the regional biases in HadAMH are generally less than
10-20%. Considering the uncertainties indicated by
New et al. (1999, 2000) and those implied by the use of a
gauge undercatch correction, in both models the biases
are mostly of the same order of magnitude as the
observation uncertainties (10-30%).

In summary, overall the average climatology of this
simulation, both for HadAMH and RegCM, is of rela-
tively good quality when compared with previous
experiments (e.g., Marinucci and Giorgi 1992; Giorgi
and Marinucci 1996b; Jones et al. 1995), especially when
we consider that the size of the subregions analyzed is
smaller than in previous studies, which implies a more
stringent test of the model performance.

3.2 Interannual variability

Figure 8 shows the interannual standard deviation of
surface air temperature in the CRU and WM observa-
tions and in the RegCM and HadAMH simulations
averaged over the 13 subregions of Fig. 1. The regional
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subregions of Fig. 1. Units are degrees C for temperature and g/kg
for the mixing ratio

values were obtained by first calculating the standard
deviation at each grid point and then averaging it over
all the land grid points of the regions.

The observed temperature standard deviation, and
thus the interannual variability, is maximum in the
winter over the northern and northeastern European
regions (EEU, CEU, CAR, NEU). In DJF the temper-
ature standard deviation varies in the range of 0.8 °C
over the western European coastal regions to about
2.5 °C in northeastern Europe. In the other seasons the
observed standard deviation is more homogenous
throughout Europe and varies in the narrower range of
0.6to 1.7 °Cin MAM and 0.5 to 1.2 °Cin JJA and SON.
Similarly to DJF, also in the other seasons the interan-
nual variability is somewhat greater over the central and
northeastern European regions, whose climate is less
affected by the less variable ocean temperatures.

A general agreement is found between the tempera-
ture standard deviations in the CRU and WM observed
datasets, although the latter shows somewhat greater
variability over the Mediterranean regions. Note that,
even when using the same set of observing stations,
differences between observed datasets can be attributed
to the smoothing and interpolation procedure used to
generate gridded data from station values.
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Fig. 6 Observed (CRU) and simulated (RegCM) average precip-
itation for the period 1961-1990 in the interior model domain.
a DJF, CRU; b DJF, RegCM; ¢ MAM, CRU; d MAM, RegCM;
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1961_1990

(d) Pr, AVE, RegCM, MAM,

(c) Pr, AVE, CRU, MAM, 1961_1990
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554 -
50N

z z z z
- g L] =

e JJA, CRU; fJJA, RegCM; g SON, CRU; h SON, RegCM. Units
are mm/day and the contour interval is 1 mm/day. Shading
indicates values greater than 3 mm/day
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(f) Pr, AVE, RegCM, JJA, 1961_1990
(h) Pr, AVE, RegCM, SON, 1961_1990

(e) Pr, AVE, CRU, JUA, 1961_1990
(g) Pr, AVE, CRU, SON, 1961_1990

Fig. 6 (Contd.)

Compared to the observations, both the RegCM and gions of western, central and eastern Europe. Over the
HadAMH tend to underestimate the DJF surface tem- EEU and NEU regions, the standard deviations are
perature interannual variability over a number of re- significantly higher in HadAMH than in the RegCM.
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Fig. 7 Observed (CRU and
WM/LW) and simulated
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Subregion

Over these regions, in the winter the interannual vari-
ability is modulated by the snow albedo feedback
mechanism (e.g., Giorgi 2002a,b), so that this difference
between HadAMH and RegCM may be related to less
variable amounts of snow in the regional model.

In the other seasons the models appear to mostly
overestimate the observed temperature variability,

especially in MAM and JJA. In the mid-seasons the
standard deviations in the RegCM and HadAMH are
generally close to each other, a sign that the nested
model is inheriting a good portion of its temperature
interannual variability from HadAMH. In JJA, how-
ever, the RegCM is characterized by larger temperature
interannual variability than HadAMH over a number of
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Fig. 8 Observed (CRU and
WM) and simulated (RegCM
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regions. Giorgi (2002¢) analyzed the dependence of the
surface climate interannual variability on spatial scales
comprising between 50 to 300 km, therefore a range
encompassing the RegCM and HadAMH horizontal
resolutions. He found that the temperature and precip-
itation interannual variability tends to increase at finer
scales, most markedly in the summer. This effect can

Subregion

thus contribute to the higher standard deviation values
found in the RegCM summer temperatures.

To measure the degree to which the Had AMH model
drives the RegCM temperature interannual variability,
we calculated the interannual correlation coefficients
between the RegCM and HadAMH seasonal tempera-
ture anomalies (Fig. 9). These coefficients were first



748

Fig. 9 Interannual correlation
coefficients between RegCM
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calculated at the individual grid points and then aver-
aged over the land grid points of the 13 subregions. A
high correlation indicates that the HadAMH strongly
drives the interannual RegCM variability, while a low
correlation indicates that the RegCM variability is more
due to internal model processes. Figure 9a shows that
the correlation coefficients are high, order of 0.8 or
more, in DJF, MAM and SON. This indicates that even
at the RegCM grid point scale, most of the interannual
variability of temperature is driven by the lateral forcing
from HadAMH. In JJA, however, the correlation coef-
ficients are lower, 0.5-0.8, especially in coastal and
mountainous regions. In fact, in JJA the boundary
forcing explains less than 50% of the grid point tem-
perature interannual variability (correlation coefficient
less than 0.7) over most regions. Evidently, in the sum-
mer local processes are more important than the
boundary forcing in determining the RegCM interan-
nual variability.

We also calculated the correlation coefficients be-
tween simulated and observed temperature anomalies,
and these were generally low for both the RegCM and
HadAMH. This result is not surprising since one reali-
zation cannot be expected to capture the specific
anomalies of individual years but only the statistical
properties of the anomalies. Similarly to seasonal and
interannual prediction, ensembles of simulations are
needed to evaluate a model’s performance in predicting
individual seasonal or yearly events.

Subregion

It is also interesting to compare our results with those
of Giorgi (2002a,b), who calculated the interannual
standard deviation of temperature for the twentieth
century over a number of broad regions, including a
region covering the Mediterranean Basin and one cov-
ering central and northern Europe. The calculations
were performed with the CRU dataset and with the
Hadley Centre global coupled model HadCM3, whose
atmospheric component is the same as that of Had-
AMH. Giorgi (2002a,b) found that the HadCM3 over-
estimated the observed temperature standard deviations
over both the Mediterranean and northern European
regions, and both in summer and winter. Therefore,
while the HadCM3 summer results are consitent with
ours, the winter results are in the opposite direction.
This can likely be attributed to the ocean component of
HadCM3 compared to the use of observed SSTs in
HadAMH.

The precipitation coefficients of variation for the
CRU and WM observations and the RegCM and
HadAMH simulations averaged over the subregions of
Fig. 1 are shown in Fig. 10. The observed coefficient of
variation shows a relatively uniform distribution
throughout Europe, with values mostly between 0.1 to
0.5. These values increase over the northern Africa
regions, and this can be attributed to the effect of
dividing the standard deviation by very low average
precipitation amounts, especially in JJA. Overall, the
interannual variability of precipitation, as measured by
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the coeflicient of variation, does not show pronounced
seasonal variations. This would not be the case when
looking at the precipitation standard deviation itself,
which is affected by the seasonal precipitation amounts.

When first comparing the two observed datasets, we
notice that, while they generally agree over the central
and eastern European regions, they show substantial

Subregion

differences over the Mediterranean regions. More spe-
cifically, the WM data indicate generally higher coeffi-
cients of variations than the CRU data over most
Mediterranean regions and in all seasons, particularly
JJA. As mentioned, these differences can likely be
attributed to the smoothing and interpolation procedure
used to generate the gridded data.
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Overall, both models show a generally good agree-
ment with observations in DJF, MAM and SON, with a
relatively small overestimation over the Iberian and
Italian peninsulas in these seasons. In JJA, the RegCM
shows greater coeflicients of variation than HadAMH
and the two observed datasets, particularly over the
Mediterranean regions. A strong contribution to the
higher summer precipitation variability in the RegCM
compared to HadAMH is the scale effect identified by
Giorgi (2002c), which is maximum for summer precipi-
tation due to local convective processes. Over the
Mediterranean regions another significant contribution
to this difference in RegCM and HadAMH values is
possibly due to the different coastline representations in
the models, since differences in the behavior of convec-
tion over land and ocean are important in the summer.

Figure 9b shows that, in general, the correlation be-
tween (grid point) RegCM and HadAMH anomalies is
lower for precipitation than for temperature, although
some rather high values can be found in some western
European regions (e.g., the British Isles, France and the
Iberian pensinsula). Over these regions evidently the
precipitation interannual variability is mostly driven by
the HadAMH simulation of the Atlantic storm track. As
noted for temperature, JJA is also the season of mini-
mum correlation for precipitation between HadAMH
and RegCM interannual anomalies, an indication that in
the summer the model simulation of local processes is
most important in determining the precipitation vari-
ability. Note that only in a few cases does the boundary
forcing explains more than half of the precipitation
variability, even in the winter season. In fact, in JJA over
the southeastern Mediterranean and Alpine regions the
HadAMH/RegCM anomaly correlation coefficient is
less than 0.3. These results indicate that, at the grid point
level, the simulation of local and mesoscale processes
and forcings (e.g., topography) contributes more than
the large-scale lateral boundary forcing in determining
the precipitation interannual variability.

In an analysis of large-scale precipitation interannual
variability of CRU observations and HadCM3 simula-
tions, Giorgi (2002a,b) found that the HadCM3 pre-
cipitation variability was generally in line with
observations over the northern Europe region and it was
overestimated over the Mediterranean region. These
results are consistent with our analysis of the HadAMH
variability and the RegCM variability as affected by
HadAMH.

3.3 Trends

As mentioned in Sect. 1, it is useful to analyze the trends
simulated by the models in relation to the observed
trends for the period 1961-1990. This can in fact give
some insights into the models ability to simulate regional
climatic trends and changes in response to either exter-
nal forcings or interdecadal modes of internal variabil-
ity. A good performance in this regard can enhance the
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confidence in the trends projected for future climate
conditions.

A limitation of the analysis presented in this section is
that we only have available one realization of the ref-
erence period, and because all models are characterized
by a certain level of internal variability, an ensemble of
simulations is necessary to fully evaluate the model’s
ability to simulate trends for specific periods.

Nevertheless, because HadAMH utilizes observed
SST fields and GHG forcing, it is reasonable to
hypothesize that some regional climatic responses might
be at least qualitatively captured for conditions in which
these responses are strongly forced by SST anomalies or
GHG forcing (Rodwell et al. 1999; Hoerling et al. 2001).
Based on these considerations, our analysis of trends
should mostly be considered as qualitative.

Figure 11 shows the observed (CRU and WM) and
simulated (RegCM and HadAMH) surface air temper-
ature linear trend values (in degrees per decade) during
the period 1961-1990 averaged over the 13 regions of
Fig. 1. To put these trends within a global context, we
recall that the global temperature during this period did
not show a strong trend except during the eighties, the
largest warming of the late twentieth century having
occurred in the nineties (e.g., Folland et al. 2001).
Concerning the European region, the inter-decadal
variability of European climate is strongly affected by
the North Atlantic Oscillation (NAO) in the winter (e.g.,
Hurrell 1995). During the positive phase of the NAO, a
ridge builds over Europe which causes a northward shift
of the storm track and stronger and more soutwesterly
circulations over the continent (Hurrell 1995). This
causes a general tendency towards warming of the
European continental regions. Time series of the NAO
index show that between 1961 and 1990 there was a
marked trend of this index towards positive values, that
is the NAO phase has become increasingly positive
(Hurrell 1995). The observed positive winter tempera-
ture trends of Fig. 11 over the western and central
European regions thus reflect this trend in the NAO
phase.

For the other seasons, in general the effect of both the
NAO and the El Nino Southern Oscillation (ENSO) on
the variability of European climate is less important (e.g.
Giorgi 2002a; Hurrell 1995; Philander 1990). The in-
crease in GHG concentration could have a bigger effect
but, as mentioned, at the global scale the 1961-1990
period did not show a pronounced warming, so it is
difficult to identify a GHG signal. The observed trends
may thus be the result of the combination of a number
of factors, such as the forcing from SST, GHG and
aerosol concentration, landuse change, volcanic and
solar activity, or the result of the natural interdecadal
variability of the climate system. What the observations
indicate is that (1) in MAM the temperature trends are
very small throughout western Europe and become po-
sitive in the northeastern European regions; and (2) both
in JJA and SON the temperature trends are mostly po-
sitive over the western European regions and negative
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over eastern European regions. The other important
feature to note in Fig. 11 is that the trends in the two
observed datasets are consistent with each other.
Similarities between observed and simulated temper-
ature trends are found in SON over most regions and in
DIJF over the Mediterranean and western European re-
gions. However, the models do not capture the winter

Subregion

warming trend over the eastern European regions (CAR,
NEU and EEU). In JJA and MAM, where the trends
are relatively small, little agreement is found between
simulations and observations. The RegCM and Had-
AMH trends are close to each other in DJF, SON and
MAM, implying that they are essentially controlled by
the HadAMH large-scale fields and boundary forcing.
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Greater differences in magnitude are found in JJA, al-
though the inter-regional pattern is still similar in the
two models.

Observed and simulated regional precipitation trends
for the period 1961-1990 are shown in Fig. 12. A
noticeable feature of the observed DJF trend is the
drying (negative trend) over the Mediterranean regions

Fig. 12 Observed (CRU and
WM) and simulated (RegCM
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precipitation trend over the western and central Euro-
pean regions. This trend signal has been again attributed
to an increase in the positive phase of the NAO during
1961-1990, which produces a northward shift of the
winter storm track over Europe resulting in reduced
storm activity and precipitation over the Mediterranean
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region (Hurrell 1995). Predominantly negative observed
precipitation trends in the Mediterranean regions, as
well as over the Alps and France regions, are also found
in SON. Conversely, in JJA the most prominent ob-
served trend features are the positive trends over the
NEU and EEU regions, while in MAM the observed
precipitation trends are generally small.

Figure 12 indicates that a number of qualitative
agreements between the observed and RegCM-simu-
lated trends are found. In particular, in agreement with
observations, in DJF the RegCM simulates drying over
the Mediterranean regions (except over Turkey) and
positive trends over the western and central European
regions which, as mentioned, have been attributed to a
trend in the NAO. Noticeable similarities in the ob-
served and RegCM-simulated precipitation trends are
also found over the Mediterranean, Alps and France
regions in SON. Interestingly, Fig. 12 shows that a
substantial disagreement in the trend simulation is found
in a number of cases between the RegCM and HadAMH
experiments, with the RegCM being generally closer to
observations. Possibly, local feedbacks in the models can
contribute significantly to the simulated trends in some
of the subregions. For example, regional-scale interac-
tions between soil moisture and precipitation can sub-
stantially affect regional precipitation patterns and
trends (e.g., Pal and Eltahir 2003).

4 Summary and discussion

We have analyzed means, interannual variability and
trends in a 30-year simulation for the period 1961-1990
with the RegCM nested within a high resolution version
of the Hadley Centre global atmospheric model Had-
AMH. Observed SST and GHG concentrations, along
with sulfate aerosol fields calculated from HadAMH,
are used in the simulations.

The first feature to note in our study is that the
RegCM and HadAMH exhibit systematic differences in
their surface climatology attributed, at least partially, to
their different treatments of boundary layer and con-
vective processes. The RegCM has a more efficient ver-
tical transport of heat and water vapor, which results in
significant differences of the vertical temperature and
water vapor profiles compared to HadAMH and in
mostly lower surface temperatures and higher precipi-
tation amounts in the regional model. In some cases this
is in the direction of greater agreement with observa-
tions, while in others it is in the opposite direction.

Overall, both the HadAMH and RegCM average
climatologies are of good quality compared to previous
experiments. Sub-regional seasonal temperature biases
are generally less than 2°C and in many cases less than
1°C, while precipitation biases are mostly less then 10—
20%, which is the level of uncertainty implied by the use
of a gauge undercatch correction. Given that the sub-
regions considered are of smaller size than in previous
studies, these biases point to a general improvement of
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nested GCM-RCM modeling systems over the Euro-
pean region. In this particular application, the RegCM
shows a tendency to overestimate precipitation in
MAM. This tendency was not noted in previous simu-
lations using analyzes of observations as lateral bound-
ary forcing, and therefore it is likely related to the model
interaction with the HadAMH fields and in particular to
the response of the RegCM to enhanced vertical trans-
port of water vapor as discussed already. It is also
important to emphasize that, as in previous simulations,
the RegCM captures well the topography-induced sur-
face climate signal at the resolution considered.

The models, and in particular the RegCM, show a
prevailing tendency to overestimate interannual vari-
ability (except for DJF temperature), particularly during
the summer and over the Mediterranean subregions.
During the cold and intermediate seasons, the RegCM
interannual variability is strongly regulated by the
HadAMH forcing fields, especially for temperature.
Scale effects however would tend to induce more pro-
nounced variability in the RegCM than HadAMH
(Giorgi 2002c). In summer, the RegCM interannual
variability is less directly influenced by the HadAMH
forcing, especially in the regions located in the domain
interior and characterized by complex topographic and
coastline features (e.g., the Mediterranean regions and
the Alps). Giorgi (2002c) showed that the scale depen-
dency of interannual variability is most pronounced in
the summer, which is consistent with our results. Local
and mesoscale land surface and convective processes,
related for example to soil water feedbacks (Christensen
et al. 2001), evidently play an important and perhaps
dominant role in regulating the simulated interannual
variability of warm season surface climate.

Note that in previous RegCM perfect boundary
condition experiments (Giorgi and Shields 1999; Small
et al. 1999; Sun et al. 1999; Pal et al. 2000) the model did
not show a tendency to overestimate interannual vari-
ability. Therefore, the overestimate is again due to the
model interaction with the HadAMH fields and possibly
to the scale amplification effect discussed.

Despite the completion of a single realization, the
HadAMH-RegCM modeling system captured a number
of features of the observed surface climate trends during
the 1961-1990 period over the European region, pri-
marily for the cold seasons (DJF and SON). Most
noticeably, the model captured the drying trend over the
Mediterranean basin (except for the Turkish region) and
the increasing precipitation trend over central Europe
observed during the winter season, a feature attributed
to the effect of the NAO during 1961-1990. Conversely,
the model was not successful in reproducing the ob-
served winter temperature trends over some eastern
European regions. In this regard, we are currently car-
rying out a more detailed analysis of the NAO signal in
the RegCM simulation to report in a separate study.
With all the caveats implied by the use of a single real-
ization, for which it cannot be ruled out that some of the
agreements in the simulated and observed trends might
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be fortuitous, our results provide encouraging indica-
tions towards the ability of climate models to simulate
observed trends in response to observed forcings.
However, given also that most trends were small and not
statistically significant, ensembles of realizations are
necessary to yield a more robust conclusion on this issue.

Our simulation included the direct and indirect (type
I) effects of anthropogenic sulfate aerosols. It is difficult
to rigorously evaluate the importance of aerosol effects
in our experiment, since this would require the com-
parison with a corresponding aerosol-free simulation.
However, previous RCM work, both with a different
model over the European region (Ekman and Rodhe
2003) and our model over the east Asia region (Giorgi
et al. 2002, 2003), indicate that sulfate acrosols can in-
duce near-surface regional coolings in the range of sev-
eral tenths of a degree to over one degree and can inhibit
precipitation formation.

Overall, the reference simulation discussed confirms
the trend towards increasingly good quality nested re-
gional climate simulations, at least in mid-latitude re-
gions. Higher resolution global models, such as
HadAMH, appear capable of producing increasingly
realistic large-scale forcing fields for nested RCMs and,
from these, the RCMs are capable of producing realistic
fine scale information as driven by fine scale processes
and forcings (e.g., topography). In particular, the ap-
proach of using intermediate resolution time slice
AGCM simulations to drive high resolution RCMs ap-
pears to be an especially promising one. We are in the
process of analyzing higher frequency variability (e.g.,
daily) and extreme event statistics to further evaluate the
model performance. The present reference simulation
constitutes the basis to examine the climate change
simulations resulting from the A2 and B2 forcing sce-
narios which will be reported in a separate study.
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