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A climate modeling study over
Northern Africa and the
Mediterranean basin with
multi-physics ensemble and
coupling to a regional ocean
modeling system
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�

, Deepak Chandan
�

and W. Richard Peltier
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Department of Physics, University of Toronto, Toronto, ON, Canada

We have developed a physics ensemble of Weather Research and Forecasting
(WRF) model simulations for the Middle East, Mediterranean and North Africa
(MEMNA) regions. These simulations use different configurations for the
cumulus, microphysics, surface layer, planetary boundary layer, and land surface
schemes and are forced by the Community Earth System Model (CESM) General
Circulation Model for the historical period 1979–1993. We have also created
a complementary ensemble in which the WRF model is fully-coupled to
the Regional Ocean Modelling System (ROMS) that simulates the dynamics
of the entire Mediterranean Sea. Analysis of our ensembles reveals that the
simulated precipitation and near surface temperature (T2) fields in WRF are
largely influenced by the cumulus and the land surface schemes during the
summer and winter seasons, respectively. The coupling of Weather Research
and Forecasting to Regional Ocean Modelling System yields Mediterranean
sea surface temperatures that are directly correlated with T2 and have higher
spatial resolution than the global model. Meanwhile no significant difference is
found between the atmospheric fields from the coupled and uncoupled runs
because the Community Earth System Model sea surface temperatures over
the Mediterranean, that are used for surface forcing in the uncoupled runs, are
already in close agreement with both Regional Ocean Modelling System and
observations. We conclude that our high-resolution coupled atmosphere-ocean
modelling system is capable of producing climate data of good quality, and we
identify those combinations of physics schemes that result in an acceptable level
of bias that facilitates their use in future studies.

KEYWORDS

regional climate modelling, dynamical downscaling, Mediterranean climate, Levant
climate, North Africa climate

1 Introduction

The Middle East and the regions surrounding the Mediterranean Sea (displayed in
Figure 1 for its location and in Supplementary Figure S1 for its topography) are one
of the most densely populated regions on Earth, and contain several settlements that
have beencontinuously inhabited since their establishment thousands of years ago. The
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FIGURE 1
The WRF and ROMS regional domains employed in this study. The colored region shows the WRF domain and the blue region shows the ROMS
domain that is used when WRF and ROMS are run in coupled mode. Oceanic regions within WRF domain where CESM SST forcing is applied is shown
in purple. The white and orange boxes show the Middle East and North Africa regions respectively.

large spatial extent of the region spans several climate zones and the
way in which the characteristics of regional climates have evolved
over the modern instrumental period is reasonably well understood
from lengthy and detailed observational records (Malanotte-Rizzoli
and Hecht, 1988; Vilibić et al., 2019). In order to study the climate
over this region for future or past time periods, regional and global
climate models are used.

The current generation of state-of-the-art Global Climate
Models (GCMs) are very capable of simulating the Earth’s climate
as a whole for past, present and future periods and thereby
contribute to our understanding of the large-scale dynamics of
the climate system and how they have, or are expected to
evolve (Taylor et al., 2012; IPCC, 2013; Eyring et al., 2016; Otto-
Bliesner et al., 2017; IPCC, 2021). However, there is growing interest
in studying regional climate features that are heavily influenced
by local geographical features such as mountains, lakes, and
coasts. Since these features have small spatial scales, they are
not captured by the coarse resolution global climate models and
require one to instead use high-resolution variants, known as
Regional Climate Models (RCMs), that are configured to simulate
a small region of the Earth. An important initiative in the regional
climate modelling community is CORDEX (COordinated Regional
Downscaling EXperiment, Giorgi et al. (2009)) which describes
common experiment protocols for selected regions of interest. In
particular our region of interest is covered by the EURO-CORDEX
(Jacob et al., 2020) over Europe1, Med-CORDEX (Ruti et al., 2016)
over Mediterranean Sea2 and MENA-CORDEX over Middle-East-
North-Africa region3. A great number of RCM studies have been

1 https://www.euro-cordex.net/

2 https://www.medcordex.eu/

3 https://mena-cordex.cyi.ac.cy/

performed, both within and outside the context of CORDEX, that
have contributed to our understanding of climate over the region
and to our understanding of the capabilities and limits of regional
climate models in effectively reproducing the observed climate. For
example, over Europe the EURO-CORDEX RCM performance is
examined by (Kotlarski et al., 2014; García-Díez et al., 2015), and
internal variability of RCM over Europe is discussed by (Ho-
Hagemann et al., 2020; Lavin-Gullon et al., 2021; 2022). For the
MENA region Dell’Aquila et al. (2018) examined the capability of
RCMs in general to reproduce the decadal variations in precipitation
and surface air temperature over the Mediterranean by comparing
results from 16 different RCMs. Zittis and Hadjinicolaou (2017)
examined the surface air temperature anomalies over the Middle
East andNorth Africa regions with respect to the choice of radiation
scheme employed within a customized version of the Weather
Research and Forecasting (WRF) model, and the same version of
WRF model has its land surface scheme performance examined
in Constantinidou et al. (2020) over the same MENA region.
Romera et al. (2015) performed a comparison of the capabilities of
4 RCMs at reconstructing the observed precipitation over North
Africa. Results from these and other studies demonstrated that
climate over the Mediterranean and Middle East regions can be
simulated by regional climate models with high accuracy.

An important regional feature that cannot be ignored while
simulating the climate for the Mediterranean region is the
Mediterranean Sea. It contains a huge volume of water that
regulates the surrounding surface air temperature, and the thermal
regulation effect is further enhanced via heat transport through
its various circulations (Pinardi et al., 2019). Fully resolving the
impact of the Mediterranean sea on the local climate requires a
dynamical regional ocean model that is coupled to the regional
atmospheric model. Several studies have taken this coupled regional
modelling approach over the Mediterranean to study either short
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term weather events (Berthou et al., 2015; Ricchi et al., 2017), or
long term climatologies (Sevault et al., 2014; Katsafados et al., 2016;
Turuncoglu and Sannino, 2017; Akhtar et al., 2018). All of these
studies concluded that employing active ocean coupling improved
overall model performance, with the exception of Sevault et al.
(2014) who did not explicitly note any improvements from ocean
coupling, but such improvements were nevertheless evident from
their results.

While climate modelling studies for the regions surrounding
the Mediterranean have looked at the present and the future
periods (studies that examined future climate change signal over
theMediterranean includes Constantinidou et al. (2019); Zittis et al.
(2019); Parras-Berrocal et al. (2020) and many others), the Mid-
Holocene (about 9,000 ∼6,000 years before present) is also a
time period of interest for this region. The reason for such
interest is that some of the earliest human permanent settlements
on the planet have been discovered in the Levant and the
Mesopotamia. These settlements have been dated to the Mid-
Holocene period, around 6,000 years before present day (BP).
The discovery of these settlements have given the Middle East
region the appellation ’cradle of civilization’, and the founding
of these settlements were undoubtedly influenced by the local
climate during the Mid-Holocene period (Robinson et al., 2006).
Reconstructions of Mid-Holocene climate from various geological
proxies show that there was more precipitation than today
over North Africa and Middle East during the Mid-Holocene
period (Finné et al., 2011; Mauri et al., 2015; Peyron et al., 2017;
Andrews et al., 2020). However, the availability of proxies is
limited and they provide a very sparse picture of the climate
of the time, and therefore climate models are necessary to
develop a most comprehensive understanding of the Mid-Holocene
climate (Timm et al., 2010; Brayshaw et al., 2011; Finné et al., 2011;
Roberts et al., 2011; Peyron et al., 2017). One of the more recent
efforts to model the climate of this time period was by Chandan
and Peltier (2020) in which a global climate model configured
with appropriate solar insolation, atmospheric green house gas
concentrations and highly-accurate land surface conditions is used
to simulate a climate that matched the available geological proxies
quite closely. It has been recently shown, for the case of Southeast
Asia, that further improvement on the agreement between climate
proxies for theMid-Holocene andGCMsimulations can be achieved
by downscaling the results of the GCM using an appropriate setup
high-resolution RCM for the region of interest (Huo et al., 2021).

Before applying RCM model to simulate Mid-Holocene climate
for the Middle East, Mediterranean and North Africa (MEMNA)
region, one first needs to determine the configurations of the
RCM that are suitable for this region by comparing the results of
each configuration with the observed climatology over the recent
instrumental period. The objectives of this study are therefore two-
fold: firstly, we wish to validate our dynamical downscaling pipeline,
that has been previously applied successfully to several regions of
the globe (Gula and Peltier, 2012; Erler et al., 2015; Huo and Peltier,
2019), and now includes an online ocean coupling component
for the MEMNA region, and secondly, we want to optimize the
selection of physics schemes for this region by evaluating the
performance of themodel in simulating the present-day climate, and
gain insights on the impacts of selected physics schemes on the RCM
results.

The structure of this paper is as follows: Section 2 describes the
experimental setup, climate models and the observational datasets
used in this study. Results from our RCM simulations are presented
in Section 3 where we first discuss results from the atmosphere only
simulations (Section 3.1.1) so as to isolate the effects of the choice
of physics schemes in the atmospheric model and then discuss
coupled atmosphere-ocean simulations in Section 3.1.2 to verify the
coupling process and its effect. Section 4 concludes the paper with a
general discussion of our findings.

2 Experiment design, model, and
validation datasets

2.1 Experimental design

The results presented here are based on an analysis of four
high-resolution physics ensembles for the MEMNA region, each
containing 5 ensemble members. The first two ensembles consist of
atmosphere-only simulations that were obtained with the Weather
Research and Forecasting (WRF) model, version 4.1.2, with the
Advanced Research WRF (ARW) dynamical core (Skamarock et al.,
2019). These two ensembles differ only with regards to the
chosen land surface scheme; the ensemble set ‘N’ uses the Unified
Noah land surface scheme (Chen and Dudhia, 2001) while the
ensemble set ‘L’ uses the Community Land Model (CLM) Version
4 (Lawrence et al., 2011). Each ensemble is comprised of five
members with different combinations ofmicrophysics scheme {New
Thompson (Thompson et al., 2008) or WSM-6 (Hong and Lim,

TABLE 1 Physics scheme configuration for eachWRF ensemblemember.

Label Land surface
scheme

Microphysics
scheme

Cumulus
scheme

Surface layer
scheme

Planetary boundary
layer scheme

N/L 1 Noah-LSM/CLM V4 New Thompson Tiedtke MYNN MYNN level 2.5 and 3

N/L 2 Noah-LSM/CLM V4 New Thompson Grell-Freitas MYNN MYNN level 2.5 and 3

N/L 3 Noah-LSM/CLM V4 WSM6 Grell-Freitas MYNN MYNN level 2.5 and 3

N/L 4 Noah-LSM/CLM V4 WSM6 Tiedtke MYNN MYNN level 2.5 and 3

N/L 5 Noah-LSM/CLM V4 New Thompson Grell-Freitas Revised MM5 YSU
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2006)}, cumulus scheme {Grell-Freitas (GF) (Grell and Freitas,
2014) or Tiedtke (Tiedtke, 1989)}, planetary boundary layer scheme
{Mellor-Yamada-Nakanishi-Niino (MYNN) Level 2.5 (Nakanishi
and Niino, 2006; 2009) or Yonsei University Scheme (YSU)
(Hong et al., 2006)} and surface layer scheme {MYNN or Revised
MM5 (Jiménez et al., 2012)}. The names of the ensemble members
and the physics schemes they are configured with are documented
in Table 1. All simulations use the RRTMG shortwave and longwave
radiation scheme (Iacono et al., 2008) with aerosol input based on
Tegen et al. (1997). The selection of schemes that are investigated
in this study is motivated by the findings of other studies with the
WRF-ARW model over our region of interest (Zittis et al., 2014;
Li et al., 2015; Zittis and Hadjinicolaou, 2017; Constantinidou et al.,
2020; Glotfelty et al., 2021), and studies over other regions of
the Earth (Erler et al., 2015; Huo and Peltier, 2019; Xie et al.,
2021).

The other two ensembles are coupled atmosphere-ocean
ensembles for which the WRF model, while using the same series
of physics schemes as the uncoupled ensembles, has been coupled
to the Regional Ocean Modelling System (ROMS; Shchepetkin
and McWilliams (2005)). ROMS is a high-resolution, free-
surface, regional ocean model that incorporates a terrain-following
coordinate. The version of ROMS used is Roms_Agrif v3.1.1
(Debreu et al., 2012). The coupler used to exchange data between
WRF and ROMS duringmodel runtime is OASIS3-MCT version 3.0
(Craig et al., 2017). Our implementation of the atmosphere-ocean
coupling is based on the setup used in the Coastal and Regional
Ocean COmmunity model (CROCO, Auclair et al. (2018)), with
modifications made to both the dynamical downscaling pipeline
and the CROCO software to facilitate our unique experimental
setup. Since WRF and ROMS domains are not identical, the OASIS
coupler interpolates data between WRF and ROMS grids during
data exchange using a 1st degree conservative mapping method.
The time frequency for data exchange between the coupled models
is set to 1 h. In comparison, timesteps for integration in WRF are
120s, and in rare case where a model instability is encountered, they
are reduced to 60s for short periods. Similarly, integration steps in
ROMS are either 240s or 120s.

All simulations are performed for the historical period
1979–1993. The first 5 years are used as the spinup period for
both uncoupled and coupled simulations. The suitability of this
spinup duration has been examined via a test run in which the
ocean initial condition were taken from the ROMS final state at the
end of a 15 years coupled simulation. SST and atmospheric fields
from this test run differ very little from those obtained from the
standard coupled simulation, indicating that the 5 years spinup in
the standard coupled simulation is sufficient.

We use the following definitions to discuss seasonal results:
spring (March, April, May), summer (June, July, August) fall
(September, October, November) and winter (December, January,
February). Year to year variations in the WRF regional model with
the same dynamical downscaling pipeline has been discussed in
Erler et al. (2015). Meanwhile, interannual variations within RCMs
is discussed in (Zittis et al., 2014) over MENA-CORDEX domain
that is very similar to the domain in this study, and in (Ho-
Hagemann et al., 2020; Lavin-Gullon et al., 2021; 2022) over an
European domain that partially overlaps with our domain. (also see

(Deser et al., 2014; Peings et al., 2017) for a general discussion on the
internal variability of climate models).

2.2 RCM model configuration and forcing
data

Theatmospheric dynamical downscaling experiments presented
in this paper are based on the atmosphere-only dynamical
downscaling pipeline described in Erler (2015), and used previously
to perform downscaling experiments for the regions surrounding
the Great Lakes of North America (Gula and Peltier, 2012;
d’Orgeville et al., 2014; Xie et al., 2021), Western Canada region
(Erler et al., 2015; Erler and Peltier, 2016; 2017), and the Indian
sub-continent and South-east Asia regions (Huo and Peltier, 2019;
2020; 2021; Huo et al., 2021; 2022). This dynamical downscaling
pipeline has also been extended here for the MEMNA region by
coupling a regional oceanic model to the regional atmospheric
model. Technical details of this coupling, as well as various model
and dataset used to conduct the experiment and analyze its results,
are described in the sections below.

The regional domain of the WRF model is shown in Figure 1.
WRF has been configured with a single domain with Lambert
conformal projection at 30 km resolution covering North Africa,
the Middle East, and the Mediterranean Sea with its surrounding
land masses that includes the southern parts of Europe. The
resulting domain is quite close to the Middle East North Africa
domain of the CORDEX project (Giorgi et al., 2009), with the exact
boundaries adjusted to best utilize the parallelization capability of
WRF model. Terrain topography of the WRF domain is displayed
in Supplementary Figure S1. Two regions within this domain are of
particular interest in this paper: the Middle East within 25 ∼ 48°E,
25 ∼ 42°N, and North Africa within 20°W ∼ 35°E, 8 ∼ 34°N. Both
regions are indicated on Figure 1 and have ocean grids masked
out. The Middle East region is important because the earliest
human permanent settlements anywhere on the planet have been
discovered in this region and dated to the mid-Holocene. There
is considerable interest in the anthropological and archaeological
communities to understand the factors that would have facilitated
the transition of neolithic humans from a hunter-gatherer lifestyle
to a sedentary lifestyle, with the local climate being one of
the factors. The North Africa region is important because of
the existence of Green Sahara which resulted in a northward
migration of flora and fauna into regions that are today parched
and uninhabited (some example of archaeological evidence are
discussed in Dunne et al. (2012); Manning and Timpson (2014),
and discussion on the dynamics of Mid-Holocene climate with are
Green Sahara can be seen in Robinson et al. (2006); Larrasoaña et al.
(2013) and others). While this study is focused on validating the
performance of the model for the present day climate, we will put
a particular emphasis on how the models perform in these two
regions because those ensemble members that perform well in these
regions will be selected for modeling the mid-Holocene in a future
study.

The ROMS model is configured as a single domain using
latitude-longitude square grid with 0.1° resolution that covers all
of the Mediterranean Sea and a small part of the Atlantic Ocean
west of the Strait of Gibraltar (Figure 1). We note that the Black
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Sea, the Turkish Straits (the straits of Bosporus and Dardanelles),
and the Sea of Marmara, are not included in the ROMS domain.
The primary reason for this is that the Black Sea is not connected
to the Mediterranean Sea in the CESM GCM run from which the
GCM forcing is derived, and the regional domain needs to maintain
consistency with the GCM setup.

Both theWRFatmosphericmodel and theROMSoceanicmodel
require boundary forcings and initial conditions that are, in this
study, derived from the Community Earth System Model version
1 (Gent et al., 2011), which has been developed by the National
Center for Atmospheric Research (NCAR) and contains submodels
for all major components of the climate system. The version of
GCM that provides data is the University of Toronto version of
CCSM4 (Peltier and Vettoretti, 2014). CESM data used to drive
the WRF model includes 6-hourly atmospheric temperature, wind,
humidity and pressure fields, provided as atmospheric boundary
forcings and monthly sea surface temperature (SST) field provided
as the lower boundary condition over oceanic regions, as-well-as
land surface temperature and assorted land variables that are used
for the initialization of the WRF land component. In addition to
boundary forcing, spectral nudging is also applied to the pressure,
potential temperature and humidity fields in all ensemble members
in order to preserve the large-scale circulation features of CESM in
WRF. The effects of spectral nudging on regional climate modelling
is discussed in Separovic et al. (2012); Alexandru et al. (2009), and
in particular Omrani et al. (2015) discusses spectral nudging effects
on simulating regional climate over Europe and Mediterranean.
For ROMS, CESM monthly 4D ocean temperature and salinity
fields are used as initial and boundary conditions. Preprocessing of
CESM data for use by ROMS is done using modified community
software packages that are available for ROMS (Penven et al., 2008)
and CROCO. In coupled configuration, CESM SST is used as the
lower boundary condition for WRF over oceanic regions that are
not covered by our ROMS domain including Black Sea, Red Sea,
and small parts of the Atlantic and Indian Oceans within the WRF
domain. In uncoupled simulations, WRF takes prescribed CESM
SST for all ocean surfaces. All input CESM data is available at 1°
resolution.

In addition to CESM forced simulations, several uncoupled test
runs of WRF were conducted using the ERA-I reanalysis product
(Dee et al., 2011) as RCM forcing to verify the robustness of the
model and our domain setup. These reanalysis forced test runs are
not extensively discussed in this study because they do not enable us
to make an effective comparison between coupled and uncoupled
simulations, which is a focus of this study. This limitation arises
because ERA-I does not have 4D ocean data with which to force
our ocean model, while combining it with ocean forcing from other
dataset would possibly introduce uncertainty from the fact that
the atmospheric and oceanic datasets are not at equilibrium at the
ocean surface. Such combined atmosphere-ocean reanalysis forcings
were used in Sevault et al. (2014) and Akhtar et al. (2018), but these
studies also employed long spinup periods to ensure equilibrium
between the atmosphere and ocean is reached at the start of their
simulation. Therefore, combined reanalysis forcing is not ideal for
this study as the uncertainty from the disequilibrium at the ocean
surface could interfere with effects from ocean model coupling. Our
reanalysis runs are also use to support some conclusion drawn from
CESM forced atmosphere only simulations.

2.3 Validation datasets

In order to validate the atmospheric fields from our simulations,
the CRU dataset (Harris et al., 2013) is used as an observational
reference dataset, and the ERA-Interim reanalysis product
(Dee et al., 2011) is used as a reanalysis reference dataset. These
two datsets have been widely used by other regional climate
modeling studies (e.g., CRU is used in Zittis et al. (2014); Zittis and
Hadjinicolaou (2017); Turuncoglu and Sannino (2017); Zittis et al.
(2019); Constantinidou et al. (2020), and ERA-Interim is used
either as a forcing dataset or as reference dataset in (Diaz et al.,
2015; Katragkou et al., 2015; Klein et al., 2015; Omrani et al.,
2015; Alaka Jr and Maloney, 2017; Constantinidou et al., 2019;
Achugbu et al., 2020; Lavin-Gullon et al., 2021).) In this study we
will primarily use CRU as reference for atmospheric fields, namely,
precipitation and near surface temperature (T2), while ERA-I
reanalysis is employed to understand possible uncertainties in these
reference data. For oceanic fields, the World Ocean Atlas (WOA)
observational dataset (Boyer et al., 2019) is used as reference to
provide sea surface temperature (SST) and sea surface salinity (SSS)
fields.

3 Results

In this section, the simulated regional climates for the
Mediterranean, North Africa and Middle East are evaluated
by comparison with our validation datasets. Results from the
uncoupled atmospheric only runs are presented first, followed by
results from atmosphere-ocean coupled runs.

3.1 Atmosphere-only downscaling

3.1.1 Regional climate overview
Thesummer average precipitation biases (throughout this paper,

bias is defined asmodel minus observation) with respect to the CRU
dataset over the land surface in the WRF domain are presented
for the WRF ensemble members and the CESM GCM in Figure 2.
It is clear that our WRF ensemble members spans a wide range
of precipitation biases, from very dry to very wet, especially over
the tropical convection region that is close to 10°N latitude during
Northern hemisphere summer. The physics scheme that appears to
be most relevant to the simulation of summer precipitation is the
cumulus scheme: members that use the GF cumulus scheme (N2,
N3, N5, L2, L3, L5) are wetter than those that uses the Tiedtke
scheme (N1, N4, L1, L4). The strong influence of the cumulus
scheme on the simulated precipitation field in WRF is consistent
with results from other downscaling experiments for the MEMNA
(Zittis et al., 2014), the EURO-CORDEX (Katragkou et al., 2015),
Western Canada (Erler et al., 2015), North American Great Lakes
(Xie et al., 2021) and South East Asia (Huo and Peltier, 2019)
regions.

Precipitation bias is also found to be influenced by the choice
of the microphysics scheme and the land surface scheme: members
using the New Thompson scheme (N1, N2, N5, L1, L2, L5) are
slightly wetter than those using the WSM-6 scheme (N3, N4,
A3, L4), and members using Noah-LSM (N ensemble) are dryer

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2023.1200004
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xie et al. 10.3389/feart.2023.1200004

FIGURE 2
Summer precipitation anomalies compared to the CRU dataset for the N ensemble members (A–E), N ensemble average (F), L ensemble members
(G–K), L ensemble average (L), full ensemble average (O) and CESM (M). Panel (N) shows the difference between the ERAI and CRU datasets.

than those using CLM (L ensemble). While changes to either of
these schemes does not influence precipitation as strongly as a
change to the cumulus scheme, the impact is nonetheless clearly

observable during the summer season. This finding is in contrast
with Constantinidou et al. (2020), which did not find any significant
changes to the annual precipitation field owing to changes to the
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land surface scheme. The reason we are able to observe a difference
is partly because the physics ensemble employed in this study has
been designed to highlight the difference from land surface schemes,
and partly because analyzing seasonal data amplifies the difference
signal since precipitation is concentrated during the summer season.
The effect of the microphysics scheme on simulated precipitation is
similar to that reported in Klein et al. (2015).

When comparing with CESM GCM results, it is clear that
the CESM precipitation pattern is completely overwritten by WRF
over the tropics. This is not surprising because the main source
of precipitation over this region is from local convection, which is
dominated by cumulus scheme employed in the model as discussed
above. One exception to this independence of WRF pattern is over
the western tip of Africa (Cap-Vert in Senegal) where all WRF
members and CESM share a dry bias. This might have its source
in the CESM simulated SSTs over the Atlantic and west Africa
monsoon system that WRF would inherit through prescribed SST
and spectral nudging respectively. A rather peculiar observation
is that ensemble members that are wet biased over the tropical
convection zone also exhibit a wet bias over Western Sahara and
the Maghreb region, though this bias attenuates greatly in ensemble
means.

The average summer near surface temperature (T2) biases over
land for theWRF ensemblemembers and for CESM are presented in
Figure 3. Here, the Noah-LSM ensemble displays distinctly different
patterns of spatial bias compared to the CLM ensemble in the
sense that the Noah-LSM ensemble members are cooler over the
Middle East and North Africa north of 20° N. Since all ensemble
members employs the RRTMG radiation scheme, and the bias
exists between all pairs of ensemble members that differ only in
the land surface scheme, this difference in T2 is likely caused not
by variation in incoming radiation but by the differences in land-
radiation interaction between the different land surface schemes.
In particular, differences in the representation of bare soil and
sandy surfaces between the two land surface schemes should be the
primary cause asmost of the region has little-to-no vegetation cover.
In the equatorial and sub-Saharan regions south of 20° N, summer
season tropical convection is an important driver of precipitation
and therefore ensemble members that exhibit wet bias in Figure 2
are also associated with cold T2 bias whereas dry members have a
warm T2 bias.

T2 differences between our two ensembles becomemore striking
during winter (Figure 4). All simulations with Noah-LSM show a
strong cold bias over the entirety of North Africa and the Arabian
peninsula while the T2 fields in simulations with CLM are in much
better agreement with the reference dataset. In contrast, differences
in cumulus and microphysics schemes have much smaller impacts
on the simulated winter temperatures. This is not very surprising
because winter is the dry season in North Africa and therefore
T2 is not strongly influenced by physics schemes involved in the
parameterization of convection and cloud cover. Meanwhile, over
the historical region of Mesopotamia the CLM ensemble is slightly
warmer than reference whereas the Noah-LSM ensemble is closer to
reference. These features of the simulated winter T2 biases are also
evident in the means of the two ensembles (Figure 4F,l).

One may speculate that the WRF model’s performance with
respect to the winter season T2 could be improved with a different
radiation scheme. Zittis and Hadjinicolaou (2017) have shown

that radiation schemes indeed strongly influence final temperature
results. However, the authors also found that the RRTMG scheme
is one of the better performing radiation scheme. Therefore, the
real cause for the winter cold bias found in this study likely
has to do with how other schemes collectively influence the net
energy fluxes, rather than with the amount of radiative energy
produced by the scheme. Glotfelty et al. (2021) demonstrated that
for the land surface schemes included in WRF, changing land
usage profile and modifying surface albedo variable both have
noticeable impact on the simulated climate over parts of Africa
that are south of the Sahara. The Sahara itself would not benefit
from land usage profile changes as it is mostly barren desert in our
simulations, but changes to the surface albedo, owing to different
land surface schemes, might potentially improve winter season T2
performance.

Another point worth noting is that CESM displays a strong
warm bias over Europe in winter that is largely inherited by all
ensemble members. This is likely because the part of Europe in
the regional domain is right next to the boundary, and westerly
winds from the boundary might carry too much warm air from
North Atlantic across continental Europe. This is in contrast to the
case for North Africa where CESM simulates a strong cold bias, yet
WRF either mitigates that to a large extent in the CLM ensemble
or makes it worse in the Noah-LSM ensemble, demonstrating that
WRF dynamics and parameterization schemes dominate away from
the boundaries of the domain. It is worth mentioning here that the
extension of region that inherits warm bias over Europe is likely
aided by spectral nudging, as such bias is driven by westerly winds.
(see Alexandru et al. (2009); Separovic et al. (2012) for a discussion
on the effect of spectral nudging on regional climate modelling.).

While winter is a dry season over tropical and sub-tropical
Africa in the northern hemisphere, it is the main rainy season
along the coastal regions of the Mediterranean and in the regions
surrounding the Black Sea and the Caspian Sea. It is found that
in the winter season, WRF regional simulations largely exhibit wet
biases over Anatolia and the coastal regions of the Black Sea and a
dry bias over the eastern and southern coasts of the Mediterranean
(Figure 5). Since this spatial pattern also exists in CESM, it is likely
that CESM SSTs that are directly employed in these uncoupled
atmosphere only runs contribute to these downscaled precipitation
biases. Ensemble members that are relatively wet over the tropical
convection region in summer also produce more precipitation in
the winter season (N5, L2, L3 and L5 in particular). There is also
significant terrain induced precipitation over the Alps, Carpathian,
Caucasus, and Zagros Mountains in WRF results that are not in
CESM, which is from the combined effects of increased spatial
resolution in the regionalmodel and increasedmoisture in thewarm
biased air.

Statistical means and standard deviations for the seasonal results
presented above, as well as annually averages, are provided in
Supplementary Table S1. Regional features discussed above such as
variation in summer precipitation bias and the cold winter T2 in
N ensemble are captured by these variables. Moreover, the annual
statistical means calculated from ensemble averages are quite small;
precipitation bias of the N ensemble average is 0.02 mm/day and T2
bias of the L ensemble average is 0.02°C. When cross comparing
with results from other studies, a typical good simulations from a
study would achieve an averaged precipitation bias ∼0.5 mm/day
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FIGURE 3
Similar to Figure 2 but for the summer temperature biases.

and temperature bias ∼1°C. Such skill in simulating modern period
climate is seen in GCM results (Nikiema et al., 2017; Zebaze et al.,
2019) as well as RCM results (Zittis et al., 2014; Katragkou et al.,

2015; Li et al., 2015; Zittis and Hadjinicolaou, 2017). The best
ensemble members presented in this study are able to achieve
comparable biases.
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FIGURE 4
Similar to Figure 2 but for the winter temperature biases.

So far, we have assessed the performance of our simulations by
comparing them to theCRUdataset.Meanwhile, since observational
dataset is limited by the spatial and temporal coverage of data

stations, using reanalysis dataset as an additional reference dataset
would provide more insight to the results we obtained. A commonly
used alternative is the ERA-Interim reanalysis. Here, we provide a
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FIGURE 5
Similar to Figure 2 but for the winter precipitation biases.

brief comparison between ERA-Interim and CRU, which provides
useful insights into the differences between the reference datasets
themselves and what it means for the simulated biases discussed

above. The comparison leads to three noteworthy observations;
firstly, summer season precipitation in ERA-I shares the dry bias on
the tip of West Africa and is notably wetter than CRU over the rest
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FIGURE 6
Box and whiskers plots for the distribution of precipitation and temperature anomalies, with respect to CRU, in the North Africa region for summer
(A,C) and winter (B,D) seasons. Here Green triangles and orange solid lines represent mean and median values respectively. The North Africa region is
shown in Figure 1.

of the tropics (Figure 2), whichmeans the ensemblemeanmight not
be as wet biased as comparison with CRU data suggests and dry bias
over west Africa might relate to lack of precise observational record
over that region. Secondly, in the summer season the difference
in T2 between ERA-I and CRU is quite similar to the mean T2
bias of the CLM ensemble (Figure 3), especially with regards to the
cold region northwest of Ethiopia and the warm region over the
southern part of the Arabian peninsula. As both CRU and ERA-I
are approximations of the true climate state, these two observations
suggest that the simulation of the summer climate by ensembles
may be even better than that inferred from the preceding discussion.
The third observation to note is that in contrast to summer, during
winter the CRU and ERA-I T2 fields are quite close to each other.
This means that winter season WRF model performance in our
simulations over North Africa is similar regardless of the reference
dataset used and that it needs improvement, which is partially
achieved by switching the land surface scheme from Noah-LSM to
CLM.

From the results presented in this study, it is possible to suggest
somehypotheses on causality betweenWRFbiases andWRFphysics
schemes that observed to have dominant effects. One example is that
influence of cumulus scheme over summer precipitation bias can be
attributed to difference between the stochastic method used in GF
scheme and themass-flux with convective available potential energy
closuremethod used inTiedtke scheme, aswell as parameter settings
within these schemes. Another example is that the main reason

behind winter season T2 bias that explicitly differs between N and L
ensemble is highly likely from surface albedo field that gets resolved
differently under Noah-LSM and CLM schemes, with the former
uses prescribed input and the latter computes surface albedo within
the scheme. However, biases in the simulated precipitation and T2
fields will include compensation across processes. Some processes
like microphysics scheme and planetary boundary layer scheme are
observed in this study, while some other processes like radiation
scheme (which is discussed in Zittis and Hadjinicolaou (2017)),
and effects from clouds (discussed in Diaz et al. (2015), and also
in Kotlarski et al. (2014); Chen et al. (2019; 2022) but over several
different region of interest) are not fully explored by our physics
ensemble. Therefore it is preferred to not exaggerate our findings
on the influence of particular schemes, since the objective of this
study is to optimize WRF’s performance from a general perspective
instead of focusing on any particular scheme selection, in contrary
to studies that are designed to focus on a scheme of interest such as
Glotfelty et al. (2021) that focuses on land surface scheme’s impact
on simulation results.

It is also worth noting that there are other sources of uncertainty
in simulated regional climate results that are not fully addressed
in this study. Two of these are biases inherited from GCM forcing
and internal variability of RCM. Acquiring an in depth knowledge
regarding these uncertainties would require additional dedicated
experiments that cross-compare results from multi-RCM model
under multi-GCM forcing (one example study that uses such a
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FIGURE 7
Zonally averaged precipitation and temperature fields over the North Africa region for summer season (A,B) and winter season (C,D). Subfigure (A,C)
are for the N ensemble while (B,D) are for the L ensemble. Dashed lines are precipitation and solid lines are temperature.

design is Zittis et al. (2019)). This has not been done here because
that would move the focus of the study away from ocean coupling
validation to RCM uncertainty (the latter has already been explored
by many studies that have been referenced earlier in this paper).
For the particular GCM-RCM combination employed in this study,
RCM internal variability in large scale climate features is likely
mitigated via averaging over a 10 year period and suppressed by
the usage of spectral nudging method. The influence of spectral
nudging is particularly strong for winter season T2 bias over

continental Europe as discussed above. For regional, small scale
features, influence of physics schemes would dominate over internal
variability and boundary forcing uncertainty. This is particularly
the case for North Africa region (except the western tip of Africa,
as discussed earlier), over which cumulus schemes exert dominant
influence over summer season tropical convection regions via
resolving local convective activities, and land surface schemes
dominate desert regions in thewinter season through their influence
on the interaction of the land surface with incoming radiation.
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FIGURE 8
Similar to Figure 6 but for the Middle East region shown in Figure 1.

Results from our ERA-I simulations (not shown here) also support
the conclusion that the biases are mostly due to RCM and not
boundary forcing. Therefore, analysis of the averaged climate results
presented in this section lead us to conclude that selection of physics
scheme is the primary cause of bias variation between ensemble
members, with other sources of bias having visible but secondary
influence on simulation results.

3.1.2 Climate over regions of interest
After presenting WRF physics ensemble results over all regional

domain, we now focus on two key regions within our downscaling
domain for further discussion. Firstly, for the North Africa region,
Figure 6 shows the distributions of precipitation and T2 biases in
the uncoupled WRF physics ensembles. It is readily evident from
this plot that during the summer season, precipitation and T2
biases are related over the region such that ensemble members
with higher simulated precipitation also have lower T2. This is
to be expected, since higher precipitation leads to more surface
moisture whose subsequent evaporation extracts energy from the
land surface. The outlier data points in the precipitation box plot
are located around the tropical convection zone, where precipitation
rate depends largely on how local convection is resolved by the
regional model. The winter temperature bias over North Africa,
as described earlier, is highly dependent on the choice of land
surface schemes: CESM and Noah-LSM ensemble members have
cold biases ofmagnitudes∼3°C,whileCLMensemblemembers have
smaller cold biases with magnitudes ∼1°C. These biases peak at ∼15°
N latitude for all WRF ensemble members (with CLM members

exhibiting smaller peak biases) and gradually decrease to the north
and south (Figure 7). The latitudinal trends of the winter season
T2 biases of Noah-LSM and CLM members are similar, though
they diverge at lower latitude, likely because those region are close
to the tropical convection zone where cumulus scheme begin to
have an impact. Supplementary Table S2 provides statistical means
and standard deviations for the seasonal biases over North Africa
region.

In the Middle East region, during both winter and summer
seasons, precipitation and T2 biases (Figure 8) are smaller in
magnitude compared to those over North Africa. Ensemble
members that exhibit wet biases over North Africa are also wetter
over the Middle East, but with a smaller mean bias. In the winter
season, mean precipitation bias is overall positive among WRF
members, which is most likely due to orographically induced
precipitation over elevated terrain that is not fully captured by the
low resolution reference data. Summer temperature bias is again
influenced by precipitation, but the magnitudes of the mean T2
biases in WRF simulations are less than 2°C. For the winter season,
while the mean biases are also less than 2°C for the Noah MP
ensemble, they are very close to zero for the CLM ensemble. During
summer, the models have a warm bias near 32°N that gradually
decreases towards lower and higher latitude (Figure 9), till 40°N
where the effects of Black Sea and Caspian Sea become evident.
During winter, T2 bias has the coldest region at the southernmost
location that gradually warms up and stays near zero northward
till about 40°N, where the warm bias over continental Europe
becomes visible. Note that the warm T2 bias in CESM during winter
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FIGURE 9
Zonally averaged precipitation and temperature anomalies over the Middle East region for the summer (A,B) and winter (C,D) seasons. (A,C) are for the
N ensemble while (B,D) are for the L ensemble. Dashed lines are precipitation and solid lines are temperature.

introduces a warm bias in the surface water temperatures over the
Black Sea and the Caspian Sea, which then act as a prescribed source
of heat during winter in WRF simulations and heating the air mass
above. The warm air mass then helps spread the T2 bias to coastal
region on the south and east of the Black sea that are part of our
Middle East region of interest. Influence of the Black Sea also appears
in precipitation fields over the surrounding regions during summer
season, and in winter season the region of influence extends to the
Zagrosmountains.These precipitation fields are alsomodified by the

physics schemes in WRF, as members that have high precipitation
bias over North Africa also have regions around Black Sea to be
more wet than other members. The statistical variables computed
over Middle East region are presented in Supplementary Table S3.

3.1.3 Summary
Overall, the uncoupled WRF physics ensembles demonstrate

performance that is acceptable for various investigations of the
climate over North Africa and the Mediterranean, although there
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FIGURE 10
ROMS simulated summer season SST anomalies compared to the WOA dataset in the N coupled ensemble (A–E) and the L coupled ensemble (G–K).
Anomalies of the ensemble means are shown in sub-figures f, (L) and (N). The CESM model anomaly is shown in (M). Note that the colorbar employs a
non-linear color scheme. Contour lines have been plotted at the following values: −3, −2, −1, −0.5, 0.5, 1, 2, 3.

is scope for more improvement, and ensemble members with better
performance able to match low level of bias from other studies. All
ensemble members exhibit near surface temperature biases that are
lower or similar in magnitude to biases in the global model that
is used to force these simulations. For the winter season, the CLM
ensemble is able to considerably improve the T2 biases over North
Africa compared to the global model and clearly outperforms the
Noah-LSM ensemble. Summer season T2 bias for each ensemble
member is strongly connected to the precipitation bias in the same
member, with the latter showing dependency on the choice of all
physics schemes in WRF, and particularly on the choice of the
cumulus scheme. The precipitation fields vary from wet to dry
among WRF members, most obviously over the tropical convection
zone during summer season with smaller variations in other parts
of the domain over all seasons. Here it is worth noting that a
close to zero net bias in the results might came from biases from
different model components that acts to cancel out each other,
instead of accurately reproducing every climatological aspect. For
more discussion on compensating biases from different physics
schemes over our region of interest, see (Zittis and Hadjinicolaou,
2017; Achugbu et al., 2020) for discussion on precipitation and T2

fields and (Kotlarski et al., 2014; Diaz et al., 2015) that discuss cloud
cover in addition.

3.2 Coupled downscaling results

Next, we present results from the atmosphere-ocean coupled
ensembles. In this section the oceanic variables will be presented in
comparison with oceanic observational dataset, while atmospheric
variables will be presented in difference with respect to the
uncoupled ensemble, so the effect from ocean model coupling
becomes directly visible.

The sea surface temperature (SST) anomalies from the coupled
ROMS ocean model and from CESM are presented in Figures 10,
11 for the summer and winter seasons, respectively. It is readily
visible that the higher resolution of the regional ocean model allows
for the simulation of greater detail in the SST field and the ability
to capture the complex coastlines with superior fidelity. During
summer, the ROMS simulated Mediterranean SST is similar to that
simulated by CESM, but during winter it is slightly warmer. This
warm winter SST bias likely originates from the warm atmospheric
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FIGURE 11
Similar to Figure 10 but for the winter SST anomalies.

T2 bias over continental Europe (Figure 4) whichwould explainwhy
those biases are closer to the northern regions of the Mediterranean
Sea. Conversely, since the simulated T2 biases over Africa are colder
in comparison to those over Europe, the SST biases in the southern
Mediterranean are cooler. These connections between the T2 biases
in the uncoupled simulations and the SST biases in the coupled
simulations suggests that online coupling by OASIS is working as
intended.

The SST differences between CESM and ROMS over the
Mediterranean are rather small, and are on the order of 1°C
in magnitude. This is similar to differences in SSTs between
coupled and uncoupled simulations reported by Akhtar et al. (2018)
who used reanalysis data to force the atmospheric component.
Furthermore, compared to the reference data, the ROMS SST (and
the CESM SST) bias is ∼1°C in magnitude, which is also similar to
the bias reported by Akhtar et al. (2018), and smaller than the bias
obtained by Parras-Berrocal et al. (2020) using a different coupled
regional model. Given that the CESM SSTs are quite good in both
seasons, ROMS is not able to improve upon that meaningfully.
However, CESM does suffers from a very high salinity bias in the
Mediterranean which is significantly remediated by ROMS in our
coupled configuration (Supplementary Figure S2).

The difference in T2 between coupled and uncoupled
simulations (coupled results minus uncoupled results) that
uses the same physics scheme set is presented in Figure 12
and Supplementary Figure S3 for summer and winter season
respectively. Spatially the main region of T2 difference is
unsurprisingly concentrated above water surfaces where ROMS
operates, with opposite signed T2 differences over the Atlantic and
the Mediterranean regions of the ROMS domain. Over the North
Atlantic the T2 fields from the coupled simulations are colder in all
seasons, with a clear cutoff at ROMS domain boundary towards the
Atlantic. Over the Mediterranean the WRF T2 is slightly warmer in
most of the coupled simulations, with higher temperature towards
the north and cooler temperature near the coast of Egypt.This spatial
distribution of temperature differencesmatches the SST feature from
ROMS that we discussed above and reaffirms the atmosphere-ocean
coupling framework is working correctly.

There are also T2 differences over land among coupled
ensemble members. Although most of the influence of a coupled
Mediterranean Sea is confined to within a few-hundred kilometers
of the coastal regions, some ensemble members (namely, N1, N4,
N5, L1 and L4) do show T2 differences over regions, in the northern
most sections of North Africa, that are far removed from the
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FIGURE 12
Summer temperature changes in coupled simulations with respect to uncoupled simulations for the N ensemble members (A–E) and L ensemble
members (F–J). Note that the colorbar range in this figure is smaller than the one used in Figure 3 to highlight the small differences.

sea. Meanwhile, the T2 difference over tropical convection zone
near the equator are more likely due to the internal variability of
the WRF model instead of ROMS coupling. The magnitudes of
these inland T2 differences are overall small, making it hard to
clearly distinguish effects from ROMS coupling and WRF internal
variability. Lavin-Gullon et al. (2022) show that the magnitude of
internal variations might not be small for slow responding model
components. However, simulations in this study all use spectral

nudging that would act to limit internal variability of the regional
model (Alexandru et al., 2009). Thus, differences between coupled
and uncoupled results are more likely from ocean coupling than
internal variability.

Precipitation differences between coupled and uncoupled
simulations are presented in Figure 13 for the summer season and
Supplementary Figure S4 for the winter season. During summer
the difference field is largely located over the tropical convection
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FIGURE 13
Similar to Figure 12 but for the summer precipitation anomalies. Color scale is again smaller than Figure 2 to highlight the small differences.

region below 20°N and is highly noisy. This is likely due to internal
variability of the model rather than a result of coupling with
ROMS. Meanwhile the decrease of precipitation over the ROMS
resolved portion of the Atlantic and the continental Europe is
most likely due to ocean coupling: reduced SST over the Atlantic
leads to lower evaporation, which reduces the moisture load in
the downwind region thus reducing precipitation. Only members
that are colder over the Atlantic show this decrease in downwind

precipitation, while warmer members will have precipitation drop
only above Atlantic surface, or close to no drop at all. There is
not a lot of summer precipitation difference around the coastal
regions of Mediterranean, partly because it is the dry season, and
partly because ROMS SST does not differ much from CESM SST
during this season. During winter season, however, ROMS SST
over northern Mediterranean is notably warmer than CESM, and
therefore, the coupled simulations simulate an increase of winter
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FIGURE 14
Average climate anomalies over the selected better performing members for precipitation over summer (A) and winter (B) seasons, as well as
temperature over summer (C) and winter (D) seasons.

season local precipitation events along the coastlines of the Adriatic
and Ionian Seas and over the coastal regions of Turkey. This SST
sensitivity of coastal region precipitation hints on the importance
of regional ocean model in resolving such precipitation, which is
discussed in Berthou et al. (2015) and also mentioned in Parras-
Berrocal et al. (2020).

The difference between atmosphere-ocean coupled simulations
and atmosphere only simulations is overall small, with magnitude
of difference over land surface not exceeding 0.6°C for T2 and
0.75 mm/day for precipitation in any ensemble member. The
main reason for this is that the CESM SST over Mediterranean
which provides ocean surface data is already quite close to
reference observations, leaving little room for further improvement
when ocean coupling is employed. However, we do observe
feedbacks between atmosphere and ocean fields that prove the
atmosphere-ocean coupling is working as designed. Analysis
of climate results over North Africa region and Middle East
region will not be performed again for the coupled simulation
results, because according to the differences discussed above

there is no major change in coupled results over these
regions.

4 Summary and discussion

In this study, we assess the ability of the Weather Research and
Forecasting (WRF) model to yield realistic dynamically downscaled
climate over north Africa, Middle East and the Mediterranean
regions for the 1979–1993 historical period. Results from the two
uncoupled WRF ensembles show that the biases are largely related
to the choices of the various physics schemes. For instance, during
the summer season, the precipitation bias is mostly influenced by
the choice of the cumulus scheme. This is especially important
over the tropical convection zone where the cumulus scheme is
responsible for resolving local convection. Summer season T2 biases
are also tied to precipitation biases and consequently to the choice
of the cumulus scheme through energy transport via evaporation
and convection. The influence on either of these biases from other
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physics schemes is much smaller. Meanwhile in the winter season,
when precipitation drops the cumulus scheme no longer exerts
a dominant control on the T2 bias, which now comes to be
dominated by land surface scheme. Ensemble members that use
Noah-LSM have large cold biases over North Africa but very little
bias over the Mesopotamia and Levant regions of the Middle East,
whereas members that use CLM have much smaller cold bias over
North Africa but are slightly warm over Middle East. Given these
two regions are both important, it would be wise to keep using
both land surface schemes in future studies. It should be noted
that the CESM GCM forcing data employed in this study is also
not bias free, as previous studies had showed that GCM forcing
data could strongly influence biases in regional climate (Xie et al.,
2021).

Results from the two additional ROMS coupled ensemble
shows that when WRF is coupled to the ROMS ocean model
over the Mediterranean and a small part of the North Atlantic,
ROMS SSTs interact with the WRF simulated atmosphere and are
free to evolve dynamically. This results in SSTs that are different
from those simulated by CESM and which were employed in the
uncoupled WRF simulations. ROMS SSTs do not vary a lot among
the ensemble members and they are very close to the CESM
SSTs, however, ROMS SSTs do tend to be slightly warmer than
CESM over the northern part of Mediterranean during the winter
season. Furthermore, comparing ROMS and CESM with the World
Ocean Atlas underscores the fact that they both do a very good
job of reproducing the observed SSTs. Because biases in CESM
SSTs are mostly within 1°C of observational record, there is little
improvement that ROMS can provide on this front, and therefore,
the atmospheric fields of the coupled runs are very similar to those
from the uncoupled runs. However, CESM has a very serious sea
surface salinity bias which is remediated to a large extent by ROMS.
Although this does not significantly impact the simulated climate
in our study, this improvement in the salinity profile is expected
to be helpful for the maintenance of realistic circulations in the
Mediterranean.

While the agreement between CESM and observed SSTs for
the Mediterranean is impressive, it is not entirely surprising
given that modern climate models are configured to reproduce
the recent observational record as closely as possible (see
Hourdin et al. (2017) for a general discussion; Gent et al. (2011)
for details pertaining to our version of CESM. However, how well
CESM (or any other modern GCM) simulates Mid-Holocene
Mediterranean SSTs remains an open question and in this
regard our WRF-ROMS coupled pipeline offers the desirable
ability to simulate dynamically and physically consistent oceanic
and atmospheric fields for the Mediterranean and surrounding
regions for our forthcoming analysis focused on the Mid-
Holocene.

We identify a subset of physics configurations that can be
employed in future studies for the MEMNA region. Firstly, an
examination of the near surface temperature field shows that
the L ensemble set performs better over North Africa while
the N ensemble set performs better over the Middle East.
Since both regions are important for the Mid-Holocene, we are
obliged to retain members from both sets for any future study.

Examination of the precipitation fields, however, shows that we
can exclude member N4/L4, because they are too dry, and N5/L5,
because they are too wet. This leaves us with a reduced set
of six simulations, namely, N1, N2, N3 from the Noah-LSM
ensemble and L1, L2, L3 from the CLM ensemble. Simulated
temperature and precipitation anomalies averaged over the selected
members are shown in Figure 14. For our following study that
will focus on dynamically downscaling the climate of the Mid-
Holocene, these six configurations would constitute a mini physics
ensemble that provides a good representation of the climate of the
MEMNA region while preserving some diversity of the physics
schemes.
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