
CLIMATE RESEARCH
Clim Res

Vol. 52: 7–29, 2012
doi: 10.3354/cr01018

Published March 22

1.  INTRODUCTION

Interest in regional climate modeling has been
steadily increasing in the last 2 decades (e.g Giorgi
2006). As a result, a number of regional climate mod-
els (RCMs) have been developed, with a wide base of
model users. One such RCM is the RegCM system,
which has evolved from the first version developed in
the late 1980s (RegCM1; Dickinson et al. 1989, Giorgi
1990) to later versions in the early 1990s (RegCM2;
Giorgi et al. 1993a,b), late 1990s (RegCM2.5; Giorgi

& Mearns 1999), and 2000s (RegCM3; Pal et al. 2007).
The RegCM was the first limited area model devel-
oped for long-term regional climate simulation: it has
been used in numerous regional model intercompar-
ison projects, and it has been applied by a large com-
munity for a wide range of regional climate studies,
from process studies (Qian 2008, Qian et al. 2010) to
paleo-climate and future climate projections (Giorgi
& Mearns 1999, Giorgi et al. 2006).

The RegCM system is a community model, and in
particular it is designed for use by a varied commu-
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nity composed of scientists in industrialized countries
as well as developing nations (Pal et al. 2007). As
such, it is designed to be a public, open source, user-
friendly, and portable code that can be applied to any
region of the world. It is supported through the
Regional Climate Research Network, or RegCNET, a
widespread network of scientists coordinated by the
Earth System Physics section of the Abdus Salam
International Centre for Theoretical Physics (ICTP;
Giorgi et al. 2006; http://users.ictp.it/RegCNET/).
Scientists across this network (currently >750 partici -
pants) can communicate through an email list and via
regular scientific workshops, and they have been
essential for the evaluation and sequential improve-
ments of the model.

Since the release of RegCM3, described by Pal et
al. (2007), the model has undergone a substantial
evolution both in terms of software code and physics
representations, and this has led to the development
of a fourth version of the model, RegCM4, which
was released by the ICTP in June 2010 as a pro-
totype version (RegCM4.0) and in April 2011 as
a first complete version (RegCM4.1). The pur-
pose of the present study is to provide a basic
reference for RegCM4 including both the de -
scription of the model improvements and a lim-
ited illustrative analysis of the model behavior
and sensitivities in different climatic regimes.
Other articles in this Theme Section (TS) will
present more extensive and detailed studies
with RegCM4, along with applications using the
earlier version of the model.

In Section 2 we first describe the main model
developments along with a summary of all the
different available model options. Section 3
then presents a basic analysis of a set of experi-
ments aimed at illustrating the model perfor-
mance and sensitivities. These experiments
were carried out over a sub-set of the standard
domains recommended by the newly developed
international coordinated regional climate
downscaling experiment (CORDEX) project
(Giorgi et al. 2009; http:// wcrp. ipsl. jussieu.fr/
SF_RCD_CORDEX. html) using reanalyses of
observations to drive the model at the lateral
boundaries for multi-annual simulation periods.
Only a basic set of simple performance metrics
was used for the evaluation of the model, with
more comprehensive metrics and analysis being
left to other contributions to this special issue.
Finally, Section 4 provides a discussion of the
status of the model and future plans for its
development and application.

2.  DESCRIPTION OF RegCM4

RegCM4 is an evolution of its previous version,
RegCM3, described by Pal et al. (2007). In this sec-
tion, we summarize the basic features of RegCM4,
highlighting the main changes with respect to
RegCM3. Table 1 presents a list of the options avail-
able in the model and can be used as reference for
the following sections.

2.1.  Model dynamics

The basic model dynamics have remained the
same as in RegCM3, which was essentially the same
as that of the previous version RegCM2 (Giorgi et al.
1993a,b). RegCM4 is thus a hydrostatic, compress-
ible, sigma-p vertical coordinate model run on an
Arakawa B-grid in which wind and thermodynamical
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Model aspects                  Available options

Dynamics                          • Hydrostatic, σ-vertical coordinate 
                                          (Giorgi et al. 1993a)

Radiative transfer            • Modified CCM3 (Kiehl et al. 1996)

PBL                                   • Modified Holtslag 
                                          (Holtslag et al. 1990)
                                          • UW-PBL (Bretherton et al. 2004)

Cumulus convection        • Simplified Kuo (Anthes et al. 1987)
                                          • Grell (Grell 1993)
                                          • MIT (Emanuel & Zivkovic-Rothman
                                          1999)
                                          • Tiedtke (Tiedtke 1989)

Resolved scale                 • SUBEX (Pal et al. 2000)
precipitation

Land surface                    • BATS (Dickinson et al. 1993)
                                          • Sub-grid BATS (Giorgi et al. 2003)
                                          • CLM (Steiner et al. 2009)

Ocean fluxes                    • BATS (Dickinson et al. 1993)
                                          • Zeng (Zeng et al. 1998)
                                          • Diurnal sea surface temperature 
                                          (Zeng & Beljaars 2005)

Interactive aerosols         • Organic and black carbon, SO4

                                          (Solmon et al. 2006)
                                          • Dust (Zakey et al. 2006)
                                          • Sea salt (Zakey et al. 2008)

Interactive lake                • 1D diffusion/convection 
                                           (Hostetler et al. 1993)

Tropical band                   • Coppola et al. (2012, this Special) 

Coupled ocean                 • MIT (Artale et al. 2010)
(not in public version)   • ROMS (Ratnam et al. 2009)

Table 1. Model options available in RegCM4. PBL: planetary 
boundary layer
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variables are horizontally staggered. A time-splitting
explicit integration scheme is used in which the 2
fastest gravity modes are first separated from the
model solution and then integrated with smaller time
steps. This allows the use of a longer time step for the
rest of the model. Essentially, the model dynamics
are the same as that of the hydrostatic version of
MM5 (Grell et al. 1994), and since this has not
changed in RegCM4, it is not further discussed here
(see Giorgi et al. 1993a and Grell et al. 1994 for more
details).

2.2.  Model physics

2.2.1.  Radiative transfer

Radiative transfer calculations in RegCM4 are car-
ried out with the radiative transfer scheme of the
global model CCM3 (Kiehl et al. 1996), as imple-
mented by Giorgi et al. (1999). This includes calcula-
tions for the short-wave and infrared parts of the
spectrum, including both atmospheric gases and
aerosols. The scheme includes contributions from all
main greenhouse gases, i.e. H2O, CO2, O3, CH4, N2O,
and CFCs, and solar radiative processes are treated
using a delta-Eddington formulation (Briegleb 1992).
Scattering and absorption of solar radiation by
aerosols are also included based on the aerosol opti-
cal properties (absorption coefficient and single scat-
tering albedo).

Concerning cloud radiation calculations, the solar
spectrum optical properties are based on the cloud
liquid water path, which is in turn based on the cloud
liquid water amount prognostically calculated by the
model (see Section 2.2.4), cloud fractional cover,
which is calculated diagnostically as a function of
 relative humidity, and effective cloud droplet radius,
which is parameterized as a function of temperature
and land sea mask for liquid water and as a function
of height for ice phase. In addition, the scheme diag-
nostically calculates a fraction of cloud ice as a func-
tion of temperature. In the infrared spectrum, the
cloud emissivity is calculated as a function of cloud
liquid/ice water path and cloud infrared absorption
cross sections depending on effective radii for the
 liquid and ice phases.

One of the problems in this formulation is that the
scheme uses the cloud fractional cover to produce
grid box mean cloud properties which are then
treated as though the entire grid box were covered
by an effectively thinner cloud layer. However,
because of the non-linear nature of radiative transfer,

this approach tends to produce a ‘grayer’ mean grid
box than if separate cloudy and clear sky fractional
fluxes were calculated. By taking advantage of the
fact that the scheme also calculates clear sky fluxes
for diagnostic purposes, in RegCM4 we modified this
radiative cloud representation by first calculating the
total cloud cover at a given grid point and then calcu-
lating the surface fluxes separately for the cloudy
and clear sky portions of the grid box. The total cloud
cover at a model grid box is given by a value interme-
diate between that obtained using the random over-
lap assumption (which maximizes cloud cover) and
that given by the largest cloud cover found in any
single layer of the column overlying the grid box
(which implies a full overlap and it is thus is a mini-
mum estimate of total cloud cover). This modification
thus accounts for the occurrence of fractional clear
sky at a given grid box, leading to more realistic grid-
box average surface radiative fluxes in fractional
cloudy conditions.

The other main development compared to
RegCM3 concerns the aerosol radiative transfer cal-
culations. In RegCM3, the aerosol radiative forcing
was based on 3-dimensional fields produced by the
aerosol model (see below), and included only scatter-
ing and absorption in the shortwave spectrum (see
Giorgi et al. 2002). In RegCM4, we added the contri-
bution of the infrared spectrum following Solmon et
al. (2008). This is especially important for relatively
large dust and sea salt particles, and it is calculated
by introducing an aerosol infrared emissivity calcu-
lated as a function of the aerosol path and absorption
cross section estimated from aerosol size distribution
and long-wave refractive indices. Long-wave diffu-
sion, which could be relevant for larger dust parti-
cles, is not treated as part of this scheme.

2.2.2.  Planetary boundary layer

Two major developments have occurred in
RegCM4 concerning the description of planetary
boundary layer (PBL) processes. First, the scheme
currently available in the RegCM system, that of
Holtslag et al. (1990), underwent various modifica-
tions, and second a new PBL scheme, the University
of Washington PBL (Grenier & Bretherton 2001,
Bretherton et al. 2004), was implemented in the
model.

In the Holtslag scheme, a PBL height is first diag-
nostically calculated based on an iteration procedure
employing a bulk critical Richardson number formu-
lation. Then a non-local vertical profile of eddy diffu-
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sivity for heat, moisture, and momentum is specified
from the surface to the PBL height, and a countergra-
dient transport term is added for temperature and
moisture. The eddy diffusivity depends on the fric-
tion velocity, height, Monin-Obhukov length, and
PBL height.

Compared to other schemes, this formulation tends
to produce relatively strong, and often excessive, tur-
bulent vertical transfer. For example, after extensive
testing, we found excessive vertical transfer of mois-
ture in the model resulting in low moisture amounts
near the surface and excessive moisture near the PBL
top. Therefore in order to ameliorate this problem,
the countergradient term for water vapor was re -
moved in RegCM4. Another problem of the Holtslag
scheme (at least in our implementation) is an exces-
sive vertical transport of heat, moisture, and momen-
tum in very stable conditions, such as during the
 winter in northern hemisphere high latitude regions.
For example, we found that in such conditions, the
scheme fails to simulate near-surface temperature
 inversions. This in turn leads to large warm winter
 biases (>10°C) over regions such as northern Siberia
and northern Canada. As an ad hoc fix to address this
problem, in RegCM4 we implemented the following
modification to the scheme. We first defined ‘very
 stable’ conditions within the Holtslag parameteriza-
tion as conditions in which the ratio of the height
from the surface over the Monin-Obhukov length is
lower than 0.1. When such conditions were found, we
set the eddy diffusivity and  counter-gradient terms
for all variables to 0. Preliminary tests showed that
this modification reduces the warm bias in high lati-
tude winter conditions and allows the model to better
capture surface inversions. These modifications have
thus been in corporated as default in the RegCM4
code.

One of the deficiencies identified in RegCM3 has
been the lack of simulation of low level stratus
clouds, a problem clearly tied to the excessive
 vertical transport in the Holtslag PBL scheme (T. A.
O’Brien et al. unpubl.). To address this problem, T. A.
O’Brien et al. (unpubl.) coupled the general turbu-
lence closure parameterization of Grenier & Brether-
ton (2001) and Bretherton et al. (2004) to the
RegCM4, which we refer to as UW-PBL. This is a 1.5
order local, down-gradient diffusion parameteriza-
tion in which the velocity scale is based on turbulent
kinetic energy (TKE). The TKE is in turn calculated
prognostically from the balance of buoyant produc-
tion/destruction, shear production, dissipation verti-
cal transport, and horizontal diffusion and advection.
The scheme also parameterizes the entrainment pro-

cess and its en hance ment by evaporation of cloudy
air into en trained air. The UW-PBL has been so
far tested within the RegCM4 framework mostly in
mid-latitude domains, such as the continental US
(where it considerably improved the simulation of
low level stratus clouds; T. A. O’Brien et al. unpubl.)
and Europe, and an example of its performance is re -
ported in Section 3.

2.2.3.  Cumulus convection

At present, RegCM4 includes 3 options for repre-
senting cumulus convection. The first is a simplified
version of the Kuo-type scheme of Anthes (1977), as
described by Anthes et al. (1987). This scheme has
been present since the earliest version RegCM1 and
activates convection when the column moisture con-
vergence exceeds a threshold value. This scheme,
although still available, is used only very occasion-
ally and generally provides poorer precipitation sim-
ulations than the other available parameterizations.

The second, and to date most used scheme, is that
of Grell (1993) in the implementation of Giorgi et al.
(1993b). This is a mass flux deep convection parame-
terization in which clouds are considered as 2 steady-
state circulations including an updraft and a penetra-
tive downdraft. The scheme is triggered when a
parcel lifted in the updraft eventually reaches the
moist convection level. A single cloud model is used
with entrainment and detrainment only at the cloud
bottom and top. Two different closures can be
adopted: an Arakawa-Schubert type closure in which
all buoyant energy is immediately released at each
time step and a Fritsch-Chappell type closure in
which the available buoyant energy is released with
a time scale typically on the order of 30 min. A num-
ber of parameters present in the scheme can be used
to optimize its performance, and Giorgi et al. (1993b)
discussed a wide range of sensitivity experiments.
We found that the parameter to which the scheme is
most sensitive is by and large the fraction of precipi-
tation evaporated in the downdraft (Peff, with values
from 0 to 1), which essentially measures the precipi-
tation efficiency. Larger values of Peff lead to
reduced precipitation. The Grell scheme has been
available in the RegCM system since its second ver-
sion, RegCM2 (Giorgi et al. 1993b), and it is currently
the one most used.

A third scheme was introduced in RegCM3 (Pal et
al. 2007), the so called MIT scheme (Emanuel 1991,
Emanuel & Zivkovic Rothman 1999). In this parame-
terization, convection is triggered when the level of
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buoyancy is higher than the cloud base level. Cloud
mixing is considered to be episodic and inhomoge-
nous, and convective fluxes are based on a model of
sub-cloud-scale updrafts and downdrafts. Precipita-
tion is based on autoconversion of cloud water into
rain water and accounts for simplified ice processes.
The MIT scheme is the most complex of the 3 and
also includes a number of parameters that can be
used to optimize the model performance in different
climate regimes. Differently from the Grell scheme,
however, test experiments did not identify a single
parameter to which the model is most sensitive.

A major augmentation in RegCM4 compared to
previous versions of the model is the capability of
running different convection schemes over land and
ocean, a configuration which we refer to as ‘mixed
convection.’ Extensive test experiments showed that
different schemes have different performance over
different regions, and in particular over land versus
ocean areas. For example, the MIT scheme tends to
produce excessive precipitation over land areas,
especially through the occurrence of very intense
individual precipitation events. In other words, once
the scheme is activated, it becomes difficult to ‘decel-
erate.’ Conversely, we found that the Grell scheme
tends to produce excessively weak precipitation over
tropical oceans. These preliminary tests suggested
that a mixed convection approach by which, for
example, the MIT scheme is used over oceans and
the Grell scheme over land, might be the most suit-
able option to pursue, and therefore this option was
added to the model. We also note that, as in the pre-
vious version (RegCM3) and many other schemes,
these cumulus parameterizations tend to maximize
rain in the early afternoon, essentially in response
to the surface heating by the solar cycle. This often
leads to an earlier than observed diurnal precipita-
tion maximum over tropical regions (Diro et al. 2012,
this Special).

2.2.4.  Resolved scale precipitation

The resolved scale precipitation scheme was not
significantly changed in RegCM4 compared to
RegCM3, other than in some of the parameter set-
tings. The scheme is essentially based on the SUBEX
parameterization of Pal et al. (2000) and includes a
prognostic equation for cloud water. It first calculates
fractional cloud cover at a given grid point based on
the local relative humidity. Then, in the cloudy frac-
tion it uses a Kessler-type bulk formulation in which
cloud water is turned into precipitation via an auto-

conversion and an accretion term. Below-cloud evap-
oration of falling raindrops is also accounted for
based on the local relative humidity and an evapora-
tion rate coefficient. Key sensitivity parameters in
this scheme are the in-cloud liquid water threshold
for the activation of the autoconversion term (Qth)
and the rate of sub-cloud evaporation (Cevap).
Greater values of Qth and Cevap lead to decreased
precipitation amounts. Traditionally, RegCM3 has
shown a tendency to produce excessive precipita-
tion, especially at high resolutions (Im et al. 2010,
Torma et al. 2011), and optimizations of these para-
meters have proven effective in ameliorating this
problem (see Torma et al. 2011).

2.2.5.  Land surface processes

Since the earliest versions of the RegCM, land sur-
face processes have been described via the Bio -
sphere-Atmosphere Transfer Scheme (BATS) of Dick -
inson et al. (1993). This scheme, which has been
used for many years, includes a 1-layer vegetation
module, a 1-layer snow module, a force-restore
model for soil temperatures, a 3-layer soil scheme,
and a simple surface runoff parameterization. The
scheme includes 20 surface types and 12 soil color
and soil texture types. In addition, a sub-grid land
surface configuration can be used by which each
model grid point is divided into a regular sub-grid,
and land surface processes are calculated at each
sub-grid point taking into account the local land-
use and topography (Giorgi et al. 2003). This latter
scheme was shown to be especially useful in im -
proving the simulation of the surface hydrologic
cycle in mountainous areas (Giorgi et al. 2003).

As a first augmentation, in RegCM4, 2 new land
use types were added to BATS to represent urban
and suburban environments. Urban development not
only modifies the surface albedo and alters the sur-
face energy balance, but also creates impervious sur-
faces with large effects on runoff and evapotranspi-
ration. These effects can be described by modifying
relevant properties of the land surface types in the
BATS package, such as maximum vegetation cover,
roughness length, albedo, and soil characteristics.
For this purpose, we implemented the parameters
proposed in Table 1 of Kueppers et al. (2008).

The second major addition to RegCM4 is the option
to use the Community Land Model, version CLM3.5
(Tawfik & Steiner 2011). Compared to BATS, CLM
is a more advanced package, which is described in
detail by Oleson et al. (2004, 2008). It uses a series of
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biogeophysically-based parameterizations to describe
the land–atmosphere exchanges of energy, momen-
tum, water, and carbon. Within each RegCM4 grid
cell, CLM3 divides the cell area into a first sub-grid
hierarchy composed of land units (glacier, wetland,
lake, urban, and vegetated land cover), and a second
and third sub-grid hierarchy for vegetated land units,
including different snow/soil columns for the differ-
ent vegetation fractions, and plant functional types
(PFTs; Oleson et al. 2004). Biogeophysical processes
are calculated for each land unit, column, and PFT
separately, and then averaged for return to the
atmospheric model. CLM3 biogeophysical calcula-
tions include a coupled photosynthesis–stomatal
 conductance model, in-canopy radiation schemes,
revised multi-layer snow parameterizations, and sur-
face hydrology including a distributed river runoff
scheme (Oleson et al. 2008). Soil temperature and
water content are calculated with the use of a multi-
ple layer model. Being much more complex than
BATS, the use of CLM adds about 20% to the com-
puting time necessary to run the model, depending
on the fraction of land points in the domain. CLM
also has an option for describing interactive vegeta-
tion; however, this has not been tested yet within the
RegCM4 framework. CLM was shown to substan-
tially affect the land–atmosphere exchanges of mois-
ture and energy and the associated surface climate
feedbacks compared to BATS (Steiner et al. 2009).

2.2.6.  Ocean–air exchanges

RegCM3 included 2 options to describe ocean–air
turbulent exchanges of heat, momentum, and mois-
ture. The first, and oldest available, is the use of the
drag-coefficient parameterization included in the
BATS package (Dickinson et al. 1993). In RegCM3,
Pal et al. (2007) implemented the scheme of Zeng et
al. (1998), which is based on a Monin-Obhukov tur-
bulence representation. This scheme was added in
order to improve the excessive evaporation over
warm tropical oceans found in the BATS option.

By default in RegCM, sea surface temperatures
(SST) are prescribed every 6 h from temporally inter-
polated weekly or monthly SST products. These
products, which are produced from satellite re trie -
vals and in situ measurements, are representative of
the mean temperature in the top few meters of the
ocean. However, the actual SST can differ signifi-
cantly from this mean temperature due to the cool-
skin and warm-layer effects described by Fairall et
al. (1996). To improve the calculation of diurnal

fluxes over the ocean, the prognostic SST scheme
described by Zeng & Beljaars (2005) was imple-
mented in RegCM4. The scheme is based on a 2-
layer, 1-dimensional heat transfer model, with the
top layer representing the upper few millimeters of
the ocean which is cooled by net longwave radiation
loss and surface fluxes. The bottom layer is 3 m thick,
is warmed by solar radiation, and exchanges heat
with the top layer. This diurnal SST scheme appears
to provide significant, although not major, effects on
the model climatology mostly over tropical oceans,
for example the Indian Ocean, and it is now used as
the default in RegCM4.

2.3.  Coupling with other components of the
 climate system

2.3.1.  Lakes and oceans

In terms of climate system component coupling, the
RegCM system includes an interactive 1-dimensional
thermal lake model which has been applied in differ-
ent regional settings (e.g. Hostetler et al. 1993, Small
et al. 1999). Different versions of RegCM3 have also
been coupled with regional ocean models for specific
applications. Artale et al. (2010) coupled RegCM3
with the MIT ocean model (Marshall et al. 1997a,b)
towards the development of a regional Earth System
model for the Mediterranean basin (the PROTHEUS
system). In a separate effort, Ratnam et al. (2009)
coupled RegCM3 with the ROMS regional ocean
model (Shchepetkin & McWilliams 2005) over a por-
tion of the Indian Ocean. In these studies, the cou-
pling was implemented for ad hoc applications, and
we are currently in the process of coupling ROMS to
RegCM4 for more general purposes.

2.3.2.  Aerosols and chemistry

An area where substantial development has
occurred in the last several years is the coupling with
aerosols and atmospheric chemistry. A simplified
aerosol scheme specifically designed for application
to long-term climate simulations has been incremen-
tally developed within the RegCM system. Solmon et
al. (2006) first implemented a first-generation aerosol
model including SO2, sulfates, organic carbon, and
black carbon. Zakey et al. (2006) then added a 4-bin
desert dust module, and Zakey et al. (2008) imple-
mented a 2-bin sea salt scheme. Additionally in
RegCM4, the dust emission scheme accounts for sub-
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grid emissions by different types of soil, and the soil
texture distribution has been updated according to
Laurent et al. (2008). The dust emission size distribu-
tion can now also be treated according to Kok (2011).
When all aerosols are simulated, 12 additional prog-
nostic equations are solved in RegCM4, including
transport by resolvable scale winds, turbulence and
deep convection, sources, and wet and dry removal
processes. As mentioned in Section 2.2.1, the aerosols
are radiatively interactive both in the solar and in -
frared regions of the radiation spectrum. Various
 versions of this aerosol scheme were used to simulate
the regional climatic effects of sulfate aerosols in
China (Giorgi et al. 2002), Saharan dust (Konare et al.
2008, Solmon et al. 2008), Asian and Mediterranean
dust (Zhang et al. 2009, Santese et al. 2010), and
African biomass burning aerosol (Tummon et al.
2010, Malavelle et al. 2011).

The most recent addition to RegCM4 is in the area
of gas-phase chemistry. A. Shalaby et al. (unpubl.)
coupled to RegCM3 a set of gas-phase chemistry
mechanisms of different complexity, the carbon-
bond mechanism CBM-Z (Zaveri & Peters 1999), an
extended version of the GEOS-Chem mechanism,
and the comprehensive RADM2, with 2 numerical
solvers, the Rosenbrock solver and a fast solver based
on radical balance. These modules were tested by
A. Shalaby et al. (unpubl.) in the simulation of the
extreme ozone event of the summer 2003 over
Europe. They showed that the combination of the
CBM-Z, which treats 52 species for 132 reactions and
requires the inclusion of 24 new prognostic tracers,
along with the radical balance solver, provided the
most computationally efficient simulation with a good
representation of tropo spheric chemistry. The chem-
istry solver is completed by a dry deposition scheme
adapted from Zhang et al. (2003) and an emission
preprocessing interface able to handle different emis-
sion inventories from the Global Emission Inventory
Activity. When the CLM land surface scheme is acti-
vated, biogenic emissions can be calculated online
using the MEGAN module (Guenther et al. 2006).

2.3.3.  Tropical band configuration

A significant development of RegCM4 is the imple-
mentation of a tropical band configuration of the
model. In this configuration, the model uses a Merca-
tor projection centered over the equator for a band
covering the entire tropical region, from 45° S to
45° N. The use of the Mercator projection allows the
model grid to exactly cover the tropical band with the

end points in the longitudinal direction exactly over-
lapping. This configuration requires the use of peri-
odic boundary conditions in the longitudinal direc-
tions and the standard relaxation conditions at the
northern and southern boundaries. In this way, infor-
mation from the driving models is effectively pro-
vided only at these 2 boundaries. A test of this con -
figuration, which offers many new applications, is
presented by Coppola et al. (2012).

2.4. Computational aspects

A fundamental development in RegCM4 compared
to its predecessors concerns its computational
aspects. Essentially, the RegCM3 code has been
largely rewritten to make it more flexible, user
friendly, and portable on different computing archi-
tectures. More specifically, the code was made com-
pliant to the ANSI F90 standard language, portability
was enhanced with respect to compilers and comput-
ing platforms, and a single makefile for the entire
system, from pre-processing to model code and post-
processing, was implemented with a configure script
that greatly simplifies the use of the model. In addi-
tion, modularity and multi-tasking for the code were
substantially enhanced. With these implementations,
the code can effectively run, depending on the
domain size, on a large variety of high-performance
computing platforms using up to several hundred
processors.

3.  EXAMPLES OF MODEL BEHAVIOR AND
SENSITIVITIES

3.1.  Experiments and analysis metrics

In order to provide illustrative examples of the
model behavior and sensitivities, here we present a
series of experiments with RegCM4 run over 4 differ-
ent domains identified within the CORDEX frame-
work. We first stress that we do not intend to provide
a comprehensive and detailed analysis of the model
performance but rather more simply an illustration of
its basic behavior in different climatic settings. The
selected domains are shown in Fig. 1, and include the
European (EU), African (AFR), South American
(SAM), and East Asian (EAS) CORDEX domains.
Although the model is being tested for other domains
as well, the choice of these specific domains for the
present study was made because (1) they represent
different climatic settings and (2) no other study

13
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in this Special issue focuses on these
domains with RegCM4. The model
grid spacing is 50 km, as specified in
CORDEX, and the projection is Lambert
conformal for the EU and EAS domains
and rotated Mercator for the AFR and
SAM domains. As in previous applica-
tions, the model employs 18 vertical
sigma levels, with a model top at 50 hPa.
For each domain, Fig. 1 also shows a set
of sub-regions used for more detailed
analysis.

For each domain, we performed and
analyzed one or more 5 yr simulations
(after discarding a 1 yr spin-up period)
extending from 1 January 1998 to 31
December 2002, with lateral meteoro-
logical boundary conditions provided by
the ERA-Interim reanalysis of observa-
tions, which has been shown to provide
a much improved description of hydro-
logic cycle variables compared to previ-
ous products, especially over tropical
regions (Uppala et al. 2008). Although
5 yr is not a long simulation time in

14

Fig. 1. Domain and topography (m) for the 4
domains used in this study. Also shown are
sub-regions selected for more detailed analysis
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order to produce robust statistics, the use of reanaly-
sis boundary conditions allows us to compare the
model results with actual observations for those spe-
cific 5 yr, thereby providing us with sufficient data for
a first-order illustration of the model performance.
The choice of this specific 5 yr period is tied to the
availability of observations from the Tropical Rainfall
Measuring Mission (TRMM; Huffman et al. 2007),
which is an additional dataset used for model valida-
tion over tropical regions. The lateral buffer zone has
a width of 15 grid points in each domain except for
the EU one, where it is 12 grid points, and the expo-
nential relaxation procedure described by Giorgi et
al. (1993b) is used to provide the model with lateral
boundary conditions.

Our illustrative analysis is mostly limited to precip-
itation, a key variable for impact assessment studies
and an integrator of climate processes; however,
some performance metrics are also calculated for
temperature, and reference is made to previous or
companion papers concerning other variables. The
following data sets are used for model assessment:
the TRMM (Huffman et al. 2007), which is available
for both land and ocean areas and includes only pre-
cipitation; the station-based land dataset from the
Climatic Research Unit of the University of East
Anglia (CRU; New et al. 2000), which includes both
surface air temperature and precipitation, and the
CMAP precipitation data set (Huffman et al. 1997),
which is mostly used to complement the CRU data
over ocean areas.

For all domains, the model is run in its mixed con-
vection configuration as baseline, which employs the
Grell scheme over land and the MIT scheme over
ocean. An extensive set of preliminary experiments
showed that overall this config-
uration provides the best results
over most domains, particularly
over tropical regions. In this
regard, our RegCM4 experi-
ments are significantly differ-
ent from previous RegCM3
experiments that utilized only
one scheme. Of the new fea-
tures, all runs use the diurnal
SST scheme, fractional clear
sky radiation calculations, and
modified Holtslag PBL diffu -
sivity in very stable conditions.
The model configuration is the
same in all domains except for
the setting of key parameters
in the Grell convection scheme

(maximum and  minimum Peff), SUBEX resolvable
scale precipitation scheme (Cevap and Qth), and
BATS land surface parameterization (minimum stom-
atal resistance, or rsmin). In this latter case, while the
original BATS  formulation employed a value of rsmin
of 200 s m–1 for all land types, Pal et al. (2007) intro-
duced lower values in the range of 50 to 100 s m–1. In
preliminary experiments, we found that these lower
values led to excessively high evaporation amounts
and precipitation feed backs, so that in RegCM4 we
went back to the original BATS formulation.

Although these values represent only a very small
subset of the full parameters present in the model,
they were found to provide a substantial model sen-
sitivity in preliminary ex peri ments. The parameter
values tested here are reported in Table 2. For the
smaller EU domain, we completed, and discuss, a set
of experiments with multiple options (see Table 2), in
par ticular one including the UW-PBL scheme (T. A.
O’Brien et al. unpubl.). For the SAM domain, we
 discuss 2 sensitivity experiments (Table 2), while
for the AFR and EAS domains we completed only
1 experiment.

In this paper, we use 3 evaluation metrics: the
mean absolute bias (MAB, the mean of the grid point
absolute bias averaged over a given region), the
mean bias (BIAS), and the pattern correlation coeffi-
cient (COR). The MAB and COR provide information
on the model performance at the grid point level, and
are thus stringent tests of model performance, while
the BIAS provides information at the regional or sub-
regional level and is thus a measure of systematic
model errors. These metrics are calculated for each of
the subregions indicated in Fig. 1 and for the main
continental areas in the domain. The analysis is per-

15

Domain         Experiment

Africa            Baseline (Cevap = 1.0 × 10–3, Peffmin = 0.25, Peffmax = 1.0)

South            DRY (Peffmin = 0.25, Peffmax = 1.0)
America      WET (Peffmin = 0.25, Peffmax = 0.5)

East Asia       Baseline (same as for Africa)

Europe          Expt 1 (Cevap = 2.0 × 10–4, Peffmin = 0.25, Peffmax = 1.0, increased Qth)
                      Expt 2 (As Expt 1 but Grell scheme over ocean)
                      Expt 3 (As Expt 1 but MIT scheme over land)
                      Expt 4 (As Expt 2 but Cevap = 1 × 10–3)
                      Expt 5 (As Expt 2 but UW-PBL scheme)
                      Expt 6 (As Expt 2 but reduced rsmin from Pal et al. 2007)

Table 2. Set of sensitivity experiments analyzed in this paper. Cevap: rate of sub-cloud
evaporation; Peff: fraction of precipitation evaporated in the downdraft (i.e. 1 – precip-
itation efficiency); Qth: in-cloud liquid water threshold for the activation of the auto-

conversion term; rsmin: minimum stomatal resistance
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formed for the 6 mo long seasons April through Sep-
tember (A–S) and October through March (O–M), so
that the entire year is considered. For each sub-
region, we also examine the annual cycle of both
temperature and precipitation.

The performance metrics are all calculated with
respect to the CRU observations both because these
observations are available for all domains and the full
period and because the resolution of these data best
matches the model resolution. On the other hand, it
should be recognized that different datasets can
show substantial differences (see Sections 3.2–3.5),
especially over tropical regions, and therefore the
performance metrics values should be considered
only as indicative in view of this uncertainty.

3.2.  AFR domain

We begin with the AFR domain, the priority
domain within the CORDEX program (Giorgi et al.
2009). For this domain, the largest considered here,
we completed 1 full simulation (Table 1). Fig. 2 inter-
compares A–S and O–M precipitation and low level
wind (850 HPa) across 2 observational datasets
(CRU+CMAP and TRMM) and the RegCM4 simula-
tion. Corresponding biases over land areas with
respect to the CRU observations are also shown. The
model clearly captures the basic observed patterns of
both mean precipitation and low level circulation.
The Intertropical Convergence Zone (ITCZ) over the
Atlantic is somewhat narrower in the model than in
the observational products, but the regional features
of the precipitation field are well reproduced in both
seasons, as are the main monsoon flow characteris-
tics. This result is consistent with the previous ver-
sion of the model (Sylla et al. 2010), and, as in this
previous version, RegCM4 captures the basic fea-
tures of prominent upper level circulations such as
the Tropical Easterly Jet and the African Easterly Jet
(not shown for brevity). An analysis of the bias values
reveals the main deficiencies in the present run. Pre-
cipitation is overestimated over the west and east
African monsoon region in A–S and over the Lake
Victoria and southeastern African areas in O–M.
Conversely, the model is too dry over the lower
Congo Basin.

Fig. 3 shows the surface air temperature and pre-
cipitation annual cycles over the 4 African sub-
regions of Fig. 1. This figure shows that over the
Sahel region, most of the precipitation overestimate
occurs in the spring pre-monsoon season (April to
June), while during the mature and receding mon-

soon phases, the agreement with observations is
excellent. Sylla et al. (2010) overestimated precipita-
tion throughout the entire monsoon season, espe-
cially over eastern Africa. RegCM4 appears to cor-
rect the overestimate from July to September, but
still maintains this bias in the pre-monsoon season.

Over north equatorial Africa, the model agrees
well with observations, showing a double rainy sea-
son related to the latitudinal migration of the ITCZ
and related monsoon rain. This double rainy season
indeed appears even more pronounced than in the
observational products, probably as a result of the
sharper definition of the monsoon rain band in the
model. Finally, over both the south equatorial african
and South African regions, the model reproduces
well the annual cycle of precipitation. Concerning
the annual temperature cycles (Fig. 3), the model
shows a very good agreement with observations in
all regions, with biases at the monthly scale mostly
close to or less than 1°C.

Table 3 reports the MAB, BIAS, and COR values for
temperature and precipitation over the 4 African
sub-regions and the entire African continent. The
temperature metrics confirm the excellent agree-
ment with observations, with correlations exceeding
0.85, MAB less than 1.2°C, and biases less than 1°C
for both seasons. A more varied performance is found
for precipitation. The pattern correlation is about 0.7
or greater in all sub-regions (>0.8 for the whole
African continent), except for south equatorial africa,
where it is low especially in O–M. Biases are less
than 20% in all sub-regions (less than 10% for the
continent) except for the Sahel in A–S, where precip-
itation is overestimated by about 32% (mostly due to
the spring months, as seen above), and over south
equatorial Africa in O–M (underestimate of about
36%). The MAB is between 36 and 62% (~40 to 45%
for the entire African continent).

The metrics in Table 3 should be interpreted with
caution. These metrics are calculated with respect
to the CRU dataset and rely heavily on the spatial
distribution of these observations down to the grid
point level (for the MAB and COR). However, a
large uncertainty is present in the observations,
particularly in remote areas were the precipitation
field is often interpolated from a sparse distribution
of available stations. This uncertainty would there-
fore most affect metrics based on high-resolution
information.

As a summary assessment, the overall performance
of the model over the AFR domain appears improved
compared to Sylla et al. (2010), with the noticeable
exception of excess rainfall in the premonsoon sea-
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son over the Sahel region. We are currently conduct-
ing some sensitivity experiments to assess the origins
of this bias, for which, for example the lack of dust
effects (Konare et al. 2008, Solmon et al. 2008) or the
land surface conditions (Abiodun et al. 2008), might
also be relevant contributors.

3.3.  SAM domain

For the SAM domain, we conducted 2 simulations
in which the parameter settings of the Grell scheme
led to what we call WET and DRY configurations
(Table 2). Fig. 4 intercompares simulated and ob -

18

Fig. 3. Annual cycles of observed and simulated temperature and precipitation over the 4 African sub-regions shown in Fig. 1



served A–S and O–M mean precipitation and low
level wind patterns for the DRY case. Again, a gen-
eral agreement across all fields is found both over
land and ocean areas. The model appears to some-
what underestimate the low level southerly jet in 
A–S, which leads to an underestimate of precipita-
tion over the La Plata and lower
Amazon basin (Fig. 4g,h). In fact,
for this DRY case a general under-
estimate of precipitation prevails
over the Amazon Basin, which is
much reduced in the WET case. On
the other hand, over the coastal re -
gions of northeastern Brazil, precip-
itation is much better simulated in
the DRY than the WET case, which
substantially overestimated it.

Fig. 5 shows the observed and
simulated annual cycle of precipita-
tion and temperature, where both
the DRY and WET cases are in -
cluded. Over northern South Amer-
ica, the model reproduces the
observed annual cycle of precipita-
tion. However, the WET case sub-
stantially overestimates precipita-
tion throughout the year, while the
DRY case lies within the range of
the observational data. We note
that the observations themselves
show a large uncertainty, with CRU
 values being much larger than
CMAP and TRMM, so that the dry
bias in Fig. 5g,h may actually be
artificially amplified by the use of
the CRU observations as reference.
Over the central South American
region, again the annual cycle of
precipitation is well captured, but
the DRY case underestimates pre-
cipitation, while the WET case is
within the observational uncer-
tainty. Finally, both the WET and
DRY cases agree well with obser -
vations over the southern South
American region, where the model
sensitivity to the convection para-
meters appears relatively small.

The temperature annual cycle
(Fig. 5a,b) is weak in the north -
ern South American region, which
lies mostly close to the equatorial
belt, and becomes increasingly pro-

nounced in the central and southern South American
regions. The model shows a systematic cold bias of
around 2°C in both the northern and central South
American regions, slightly greater in the December–
January–February (DJF) than in the June–July–
August (JJA) periods. This results in an underestima-

Giorgi et al.: RegCM4 model description and tests 19

MAB BIAS COR
                                                A–S       O–M           A–S       O–M          A–S       O–M

Africa (Baseline)                                                                                               
Precipitation                                                                                                       
Sahel                                 50.2       62.3          32.2    –17.8           0.88       0.74
North equatorial               34.3       41.2            7.1      16.7           0.71       0.69
South equatorial               56.1       39.0        –35.8      12.4           0.53       0.10
South Africa                     50.3       36.3        –14.9     –0.3           0.70       0.72  
Whole                               44.6       39.9            2.7        9.2           0.85       0.81

                                                                                                                            
Temperature                                                                                                       
Sahel                                 1.02       0.87          –0.55      0.29         0.94       0.92
North equatorial               1.14       0.86          –0.87      0.02         0.89       0.92
South equatorial               1.22       1.14          –0.23   –0.82         0.89       0.85
South Africa                     1.09       1.04            0.03      0.22         0.89       0.90
Whole                               1.20       0.99          –0.30   –0.23         0.95       0.97

                                                                                                                            
South America (DRY)                                                                                       
Precipitation                                                                                                       
Northern                           34.1       36.2        –10.7        3.9           0.37       0.31
Central                             40.5       36.1        –32.9    –25.5           0.86       0.62
Southern                           45.9       35.9          –4.7      16.5           0.69       0.75
Whole                               37.5       36.1        –14.5     –7.6           0.79       0.55

                                                                                                                            
Temperature                                                                                                       
Northern                           3.21       2.92          –2.98    –2.71         0.78       0.82
Central                             1.31       2.05          –0.51    –1.86         0.95       0.96
Southern                           1.94       1.52          –1.56   –0.41         0.97       0.95
Whole                               2.06       2.14          –1.57    –1.67         0.96       0.94

                                                                                                                            
East Asia (Baseline)                                                                                           
Precipitation                                                                                                       
Northern                           25.0       84.7          10.5      80.0           0.81       0.91
Southern                           18.0       30.8          –9.7     –6.7           0.42       0.62
India                                 40.3       51.7        –14.3        4.3           0.65       0.54

                                                                                                                            
Temperature                                                                                                       
Northern                           0.74       2.03          –0.36   –0.95         0.96       0.94
Southern                           0.79       2.66            0.04    –2.44         0.89       0.97
India                                 1.58       1.71          –0.10    –1.45         0.89       0.90

                                                                                                                            
Europe (Expt 1)                                                                                                 
Precipitation                                                                                                       
Northern                           39.3       30.6          –1.6     –5.8           0.79       0.80
Southern                           21.0       31.0          –5.6        0.7           0.46       0.66
Whole                               27.7       30.8          –4.15    –2.3           0.78       0.71

                                                                                                                            
Temperature                                                                                                       
Northern                           1.20       1.37          –0.06   –0.20         0.94       0.94
Southern                           0.83       1.40            0.54    –1.27         0.98       0.97
Whole                               1.02       1.38          –0.23   –0.51         0.97       0.98

Table 3. Precipitation (%) and surface air temperature (°C) mean absolute bias
(MAB), mean bias (BIAS), and pattern correlation coefficient (COR) over dif -
ferent regions in illustrative experiments (see Section 3 for details). A–S: April–

September; O–M: October–March
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tion of the seasonal temperature cycle, which is also
found in the southernmost region. In fact, in this lat-
ter region the RegCM4 shows a cold bias in DJF but
a warm bias in June and July.

Table 3 shows the 3 performance metrics calcu-
lated for the South American regions in the DRY

case. As for the African region, the pattern correla-
tion coefficients are mostly high, >0.78 for tempera-
ture and >0.55 for precipitation, with the noticeable
exception of the northern South American region,
where they are in the range of 0.31 to 0.37. The tem-
perature BIAS and MAB values are generally higher

21

Fig. 5. Annual cycles of observed and simulated temperature and precipitation over the South American domain
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than for Africa, again in particular over the northern
region, while the precipitation metrics have compa-
rable values. In particular, the MAB is between 35
and 45% and the dry bias in the Central South Amer-
ica region is evident from the BIAS metric. The wet
case (not shown for brevity) showed metrics of simi-
lar magnitude except large positive biases in excess
of 45% over northern South America.

Overall, although the model exhibits a reasonably
good performance over the SAM domain, some sig-
nificant systematic biases are found, both for precip-
itation and temperature. Previous applications of the
RegCM to this region have shown varied levels of
performance (e.g. da Rocha et al. 2009). In addition,
similarly to the case of Africa, the observational data
are likely affected by significant uncertainties, par-
ticularly in remote areas of the Amazon basin, and
this makes a rigorous model assessment over this
region rather difficult. Moreover, the surface climate
of the Amazon basin is influenced by local processes
involving land–atmosphere interactions (Koster et al.
2004), so that the treatment of surface processes is
crucial. In this regard, further testing is underway to
assess the sensitivity of the model to land surface
schemes and parameter specification over this
domain.

3.4.  EAS domain

One test experiment was performed over the EAS
domain (Table 2). Traditionally, the RegCM system
has shown some systematic biases over this region,
particularly in the winter season such as a cold bias
over southeastern China, a warm bias over the north-
ernmost areas of the Asian continent, and an overes-
timate of precipitation (Gao et al. 2001). Conversely,
the simulation of summer monsoon climate has
shown a good agreement with observations (Gao et
al. 2008) and a substantial dependency on model res-
olution (Gao et al. 2006). Note that the Indian conti-
nent is also included in this CORDEX domain, and it
is thus presented in this analysis for illustrative pur-
poses. However, we note that India lies close to one
of the domain boundaries and that another CORDEX
domain actually focuses on the South Asian region
(Giorgi et al. 2009).

Comparison of simulated and observed precipita-
tion is presented in Fig. 6 (along with low level
winds) and Fig. 7 (annual cycle for the 3 sub-regions
of Fig. 1). Similarly to other regional domains, the
basic patterns of mean precipitation and low level
circulation are generally captured. In all regions, the

seasonal evolution of monsoon precipitation is well
reproduced, with main errors being an overestimate
of precipitation in spring over the northern East
Asian region and an underestimate of peak monsoon
precipitation during the mature phase in the south-
ern East Asian and Indian sub-regions. The tempera-
ture annual cycle is generally well reproduced over
the 3 regions analyzed, except for the winter months
over the southern East Asian and, to a lesser extent,
the Indian domains, where a cold systematic bias of a
few degrees remains.

The performance metrics over the EAS domain
sub-regions are reported in Table 3. The values are
mostly in line with the previous 2 domains, with
noticeable cases of large systematic errors being the
winter cold bias over southern East Asia (–2.4°C) and
the large overestimation of cold season precipitation
over northern East Asia, which may be amplified by
the low reference precipitation there during this sea-
son. We also note that the model performance met-
rics over the Indian region are of the same quality as,
or even better than, those of the other regions, even
though this area lies close to the western boundary of
the domain and is not the focus of this domain. In this
regard, we find a dry bias over the northern Indian
regions, which was not found in analogous simula-
tions for the corresponding South Asian CORDEX
domain.

3.5.  EU domain

A number of sensitivity experiments were carried
out for the EU domain, the smallest of the set ana-
lyzed here (Table 1). These sample different values
of resolvable scale precipitation and evapotranspira-
tion parameters. Previous versions of the model,
which participated in a series of EU projects (e.g.
PRUDENCE and ENSEMBLES) were characterized
by a persistent cold bias in the winter season (Giorgi
et al. 2004) and a general overestimate of precipita-
tion, particularly in the winter (Rauscher et al. 2010).
For this reason, in all experiments we employed
increased values of Qth compared to the other
domains by a factor of 2. The set of parameterizations
and parameter settings shown here is actually an
illustrative sub-set of a broader set of test experi-
ments performed for this domain. Note that for com-
parison purposes in the UW-PBL experiment we use
the same number of vertical levels as in the default
version (18); however, this parameterization usually
requires a higher number of levels in the PBL (T. A.
O’Brien et al. unpubl.).

22
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Fig. 8 first compares observed and simulated mean
precipitation and low level wind circulations, along
with corresponding biases, for the ‘baseline’ experi-
ment employing the mixed MIT-Ocean / Grell-Land
configuration. This was in fact the best performing
experiment of the set. Precipitation and circulations
are well reproduced, and large areas of the domain
show relatively small precipitation biases (less than
10%). Among the most prominent biases, we found a

precipitation overestimate in the cold season over
central eastern Europe and a dry bias during the
warm portion of the year over southeastern Europe.
The latter has been a consistent feature of a number
of regional models for the European region (Jacob et
al. 2007, Rauscher et al. 2010).

Annual cycles of temperature and precipitation
over the northern and southern European regions are
shown in Fig. 9. The temperature annual cycle is well

24

Fig. 7. Annual cycles of observed and simulated temperature and precipitation over the East Asian domain
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reproduced in both regions. Precipitation is generally
overestimated over northern Europe in the winter
and spring months in all simulations. This result,
which is consistent with previous applications of the
model, is likely artificially amplified by the lack of a
gauge undercatch correction in the CRU observa-
tions, which may lead to an underestimate in ob -
served precipitation of up to 30% (Adam & Letten-
maier 2003). In the summer, more mixed results are
found. Most sensitivity experiments underestimate
precipitation throughout the summer, except for the
baseline one, which actually shows a good agree-
ment with observations in June and July over both
regions, but a significant underestimate in August.
Indeed, most experiments exhibit a dry bias in this
month. As mentioned, most of this dry bias occurs over
eastern and southeastern Europe. We also note that
the effect of the UW-PBL scheme on precipitation is
not large, as the annual cycle of precipitation in this
experiment is generally in line with the others. A
similar result was found for surface air temperature.

The largest sensitivity is found in the experiment in
which the minimum stomatal resistance is decreased
(Expt 6, see Table 2), pointing to strong land–atmos-

phere feedbacks in the model. In this latter case, pre-
cipitation is substantially overestimated in the spring
over both southern and northern Europe, so that the
soil moisture is high at the beginning of summer and
the soil water–precipitation feedback leads to in -
creased precipitation also in late summer. In Expt 6,
although precipitation is better simulated in summer
compared to the baseline run, it appears excessively
overestimated in the other seasons.

We finally note that, although reduced compared
to previous versions, the model still has a warm bias
of up to several degrees in the coldest northeastern
regions of the domain in winter (not shown), al -
though part of it is inherited by the forcing ERA-
Interim fields. It is likely that a much higher resolu-
tion in the boundary layer is needed to better capture
low level inversions in very stable conditions.

Table 3 shows the performance metrics for the
European baseline simulation. They are somewhat
better than for the other regions, which does not nec-
essarily imply a better model performance but could
also be due to the better quality of the observed data.
Regional temperature biases are mostly less than 1°C
and MAB less than 1.5°C. Regional precipitation

26
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biases are also small, less than 10%, while the MAB
values are in the range of 20 to 40%. Finally the pat-
tern correlations are high (>0.65) both for tempera-
ture and precipitation, except for a lower value (0.46)
for warm season precipitation over southern Europe.
We also calculated the performance metrics for the
other experiments, which were somewhat worse
than, but not very distant from, those for the baseline
case. As a summary assessment, the performance of
RegCM4 over the European region appears in line
with or better than previous versions of the model
run at the same resolution.

4.  CONCLUSIONS

In this paper, we have presented the newly
released version of the RegCM regional climate mod-
eling system, RegCM4. Compared to previous ver-
sions, it includes new parameterization schemes (the
CLM land surface process scheme, the UW-PBL
scheme, and the diurnal SST scheme), significant
modifications of pre-existing schemes (the Holtslag
PBL and the radiative transfer package), new model
configurations (the mixed convection and tropical
band capability), and a major code upgrade effort to
make the model more clean, flexible, and portable on
different compilers and computing architectures.
Like the previous version, RegCM4 can be used in
multiple 1-way nested mode, although 2-way nesting
is still not available.

A series of tests and sensitivity experiments over 4
CORDEX domains (Giorgi et al. 2009) was presented
to illustrate aspects of the model behavior and sensi-
tivities in different climatic regimes. The model tends
to show a consistent level of performance, as mea-
sured by simple aggregated metrics, across model
domains, although some systematic model biases do
persist. The model also shows a significant sensitivity
to different parameterizations and parameter set-
tings, which can thus be used to optimize the model
performance over different domains. We stress that,
although some model configuration characteristics
appear to perform generally better over the majority
of the domains (e.g. the mixed convection approach),
there is no single parameter setting that performs
best in all domains tested; therefore, we recommend
conducting a customization exercise before carrying
out specific model applications.

The present version of the model, named RegCM4.1,
is presently frozen and available for  community
use (http://eforge.escience-lab.org/gf/project/regcm).
Being a new version, it still requires testing, and we

recommend that eventual users further assess the
model sensitivities and provide us feedback on their
findings. Such feedback has been instrumental in the
past to improve not only the model performance but
also the model portability. Several enhancements are
currently underway. We are in the process of imple-
menting the Tietdke convection scheme (Tiedtke
1989), and this option should be available for a
release (RegCM4.2) planned for the end of 2011.
This release is also scheduled to include coupling
with the CBMZ chemical module with the Sillmann
fast solver, the ROMS regional ocean model, and
semi-Lagrangian advection for water vapor and
chemical tracers.

In terms of applications, in coordination with the
RegCNET community (Giorgi et al. 2006), we plan to
use RegCM4 to produce climate change projections
within the CORDEX framework for at least 6
domains: Africa, Europe, Central America, South
America, East Asia, and South Asia. In addition, also
as part of a series of European projects, we plan to
use the model for studies of chemistry–climate inter-
actions, land–atmosphere interactions, and climate
impacts on hydrology, agriculture, and human health.
Two areas that will constitute major developments
are the implementation of a semi-Lagrangian, semi-
implicit, finite volume element non-hydrostatic dy -
namical core and an improved cloud microphysics
scheme accounting for cloud ice processes and in -
teractions with atmospheric aerosols. These major
changes will provide the basis for the next version of
the RegCM modeling system, RegCM5. Over the
long term, our modeling effort will continue to go
towards the development of a fully coupled, flexible,
and portable regional Earth System model applicable
to a wide range of studies and available for public
use by the broader scientific community.
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