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Abstract

Regional Climate Models (RCMs) are increasingly used to add small-scale processes at higher grid resolution that are not
represented by their Lateral Boundary Conditions (LBCs). Rossby Centre regional atmospheric model, RCA4, has down-
scaled three Global Climate Models (GCMs), namely, CNRM-CM5, EC-EARTH and GFDL-ESM2M in the COordinated
Regional climate Downscaling EXperiment (CORDEX) framework for Middle East North Africa (MENA) and South Asia
(SA) domains. Arabian Peninsula is covered in both MENA and SA simulations, which gives a unique opportunity to study
the effects of CORDEX domain and LBCs on the simulation of temperature and precipitation by RCM. It is examined by
calculating the differences between MENA and SA simulations for different driving GCMs in the historical (1976-2005)
and future (2071-2100) periods under RCP8.5 emission scenario, for both summer (dry) and winter (wet) seasons. RCA4
performs generally well when simulating the observed temperature and precipitation patterns, with some local wet biases
over Asir Mountains and cold bias over the north eastern parts of Saudi Arabia. The simulations of temperature seem to
be very sensitive to the simulation domain (i.e., MENA and SA) and less sensitive to different LBCs, whereas in case of
precipitation LBCs seems to play a dominant role. The MENA simulations generally project about 2 °C warmer and drier
climate compared to SA simulations by the end of this century, which is comparable to the differences arising due to differ-
ent LBCs and climate change.

Keywords Arabian Peninsula - Temperature - Precipitation - Domain - Lateral boundary conditions - Sensitivity - RCM -
CORDEX

1 Introduction

Unmatched changes in climate have been observed since
1950s at different spatial and temporal scales and climate
change has become one of the major challenges that the
world is facing, as highlighted in the Fifth Assessment
Report (ARS) of the Intergovernmental Panel on Climate
Change (IPCC 2013). Warmer atmosphere and oceans,
reduction in snow and ice cover over the mountains and
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poles, and the rise in sea level have been observed globally
with regional variations due to increase in the atmospheric
greenhouse gases (GHGs) concentration. Climate change
is affecting many aspects of our daily life, especially after
the industrial revolution. It has become crucial to study the
projected changes in the climate in order to study multi-
disciplinary impacts of climate change. Arabian Peninsula
(AP) has generally desert climate, which is characterized by
extremely high (cool) temperatures during day (night) time.
The amount of annual rainfall in the AP is low and erratic,
except in the areas of the Asir Mountains on south-western
coast of AP which receives an average of 300 mm annually.
The main synoptic feature is the sub-tropical high pressure
area prevailing over the region, causing significant variations
in the temperature and humidity. The rainfall in this arid
region is mainly governed by its topography (Lioubimtseva
2004). Evans (2009) analyzed 18 Global Climate Models
(GCMs) data and found that Middle East region is likely to
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experience an increase of 1.4 °C in the mean temperatures in
middle of the twenty-first century, which is likely to increase
further to touch 4 °C by the end of this century. Almazroui
et al. 2017 also studied the uncertainties in projected tem-
perature and precipitation over the AP. The total amount
of precipitation over the Middle East was also predicted to
decrease in the winter season because of weakening of the
eastern Mediterranean storms (Evans 2009, 2010). Severe
water shortage is expected over the Middle East North
Africa (MENA) region due to significant decreasing trend
in the rainfall, as examined by Sowers et al. (2011) using
global climate change models. Other climate indicators, i.e.,
increased number of warm days and decreased frequency
of cold days, have shown clear warning signal (Zhang et al.
2005) in the Middle East region.

Main features of present-day climate are generally well
simulated by the GCMs at different spatial and temporal
scales (Houghton et al. 2001). Climate change projections of
temperature and precipitation produced by GCMs are widely
used to study the climate change impacts on different socio-
economic sectors of life and different mechanisms of the
climate system itself. Dynamical modeling of climate for
long-term basis is computationally expensive practice. This
brings in the usage of Regional Climate Models (RCMs) as a
common method to obtain fine-scale regional climate infor-
mation by dynamical downscaling the GCMs outputs. RCMs
can better resolve atmospheric fields because of their higher
spatial resolution, which makes it possible to represent
small-scale physical processes (e.g., extreme precipitation
events, coastline effects, heterogeneity in land cover, moun-
tain-related circulations effects, meso-scale cyclones and
related weather phenomena). Higher resolution topography
and land-surface characteristics are incorporated in RCMs
and these features then interact with the model atmosphere
which results in better representation of precipitation espe-
cially for the mountainous regions (Feser et al. 2011). RCMs
have been extensively used in recent years for diagnostic
studies and climate change (Bozkurt and Sen 2011; Mes-
sager et al. 2004). Apart from the biases in RCMs associated
with LBCs, initial conditions, numerical algorithms, surface
forcing and model physics (Wu et al. 2005); enhanced reso-
lution can also add errors and uncertainties in reproducing
regional climate. In this regard, the uncertainties related to
RCMs need to be accounted for in studying climate change
impact on different socio-economic sectors, such as water
resources, agriculture and health (Bergant et al. 2007). Many
studies have focused on the past and future climate projec-
tions using RCMs (e.g. Pal and Eltahir 2016; Buchignani
et al. 2018; Almazroui et al. 2013; Almazroui 2013). Pal and
Eltahir (2016) suggested that future temperature in south-
west Asia may exceed a threshold for human adaptability.

The RCMs sensitivity to the selection of simula-
tion domain and Lateral Boundary Condition (LBC) has
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remained the part of discussion in the scientific literature
(e.g., Jones et al. 1995, 1997; Jacob and Podzun 1997; Denis
et al. 2003; Leduc and Laprise 2009; Colin et al. 2010).
Shiao and Juang (2006) showed that the large-scale atmos-
pheric circulation and rainfall distribution are more sensi-
tive to domain size compared to horizontal resolution of
the RCM. Almazroui (2012, 2016) conducted domain size
experiments and concluded that the simulation of precipita-
tion events across the AP is influenced by the size of domain.
He found that, only increasing resolution of RCM does not
improve the simulation of precipitation events unless there
is a clear signal in the driving forcings. The smaller domain
gives a better representation of observed precipitation, how-
ever in the larger domain the precipitation sensitivity to ini-
tial soil moisture is more realistic (Seth and Giorgi 1998).
They concluded that the careful selection of RCM domain is
very important and a larger domain should be selected com-
pared with the area of interest for the study of internal forc-
ings sensitivity. The domain within an RCM must be large
enough to avoid an unrealistic response to internal forcings
and for the full development of fine-scale features (Giorgi
and Mearns 1999; Jones et al. 1995). However, Centella-
Artola et al. (2015) found that the three different domain
configurations over the Caribbean region using the PRECIS
regional climate model show more similarities than differ-
ences in the simulated results. Wu et al. (2005) investigated
the uncertainties associated with the initial conditions and
lateral boundary forcing in the fifth-generation non-hydro-
static Mesoscale Model (MM5). The initial and LBCs were
prepared using four widely used different global reanaly-
sis products to determine the spread of bias as a source of
uncertainty in the model simulations. Their results indicate
that the difference among global datasets contribute signifi-
cantly to the uncertainties in the ensemble experiments. The
sensitivity and response of RCM to uncertainties employ-
ing random perturbation approach in both initial conditions
and lateral inflow was examined by Giorgi and Bi (2000).
They found the largest response in summer season. Using
the Big-Brother Experiment (BBE) framework, Diaconescu
et al. (2007) investigated the response of a RCM to errors in
the driving data based on the impact of the lateral forcing
and found nearly linear dependence relation between large-
scale errors in RCM and in the driving data. Based on BBE
framework, Denis et al. (2002, 2003), Antic et al. (2004),
and Dimitrijevic and Laprise (2005) further showed that the
RCM has the capability to reproduce well the small-scale
climate statistics for summer and winter seasons over the
different regions with different orographic forcing.
COordinated Regional climate Downscaling EXperi-
ment (CORDEX) is the World Climate Research Program
(WCRP) initiative. In this project 5th Coupled Model Inter-
comparison Project (CMIP5) GCM simulations (Taylor
et al. 2012) are downscaled using different RCMs for the
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recent historical past and twenty-first century, over most of
the regions on the globe for different GHGs concentration
scenarios. These RCM simulations cover most of the uncer-
tainties associated with regional climate. The Middle East
North Africa (MENA) and South Asia (SA) CORDEX Pro-
gram is the branch of the International CORDEX program
for the assessment of impacts of climate change over the
Arab and south Asia regions, respectively on different socio-
economic sectors. AP is covered in both the MENA and SA
CORDEX simulations (Fig. 1). Here we study the sensitiv-
ity of COREDX domain and driving GCMs on the simula-
tion of temperature and precipitation by RCM. Therefore,
the objective of the present paper stands on the following
research questions: (1) How well the RCM RCA4 is simu-
lating temperature and precipitation over the AP with ERA-
Interim (hereafter ERAINT) boundary conditions in both
MENA and SA simulations? (2) How much is the differ-
ence between MENA and SA simulations, i.e., domain sen-
sitivity? (3) What is the effect of LBCs, forced by ERAINT
and different GCMs, on the simulation of temperature and
precipitation over the AP (i.e., sensitivity to driving global
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Fig. 1 Topographic map of Middle East and North Africa (a) and
South Asia (b) RCA4 CORDEX simulations. Shading represents sur-
face elevation in meters using RCA4 surface altitude data. Rectangu-
lar box shows the study region, indicating the common region over
the two different simulation domains

fields) for both summer and winter seasons? (4) What is
the effect of different CORDEX domains and LBCs on the
climate change scenarios of temperature and precipitation
for the twenty-first century?

The structure of the present paper is organized as fol-
lows: Sect. 2 represents the data description of observed
and climate models along with the statistical methods used.
The results and discussions are presented in Sect. 3, which
include the RCA4 model verification using ERAINT rea-
nalysis dataset and global climate models CNERM-CMS5,
EC-EARTH and GFDL-ESM2M as a forcing data for both
MENA and SA simulations. This section further addresses
the analysis of domain and LBCs sensitivity for the histori-
cal period and its effects on the twenty-first century climate
change scenarios. Finally, the summary and major conclu-
sions of this study are presented in Sect. 4.

2 Data and methods
2.1 Observational and reanalysis datasets

Mean of five different observational temperature and precipi-
tation datasets are used in this study for the evaluation of cli-
mate model RCA4. Multiple observational datasets are used
in order to cater for observational uncertainty in this region
(Tanarhte et al. 2012; Zittis 2018). The datasets are obtained
from different sources: (1) University of East Anglia, UK
Climate Research Unit (CRU); (2) NOAA Climate Predic-
tion Center (CPC) global unified precipitation and tempera-
ture daily data; (3) University of Delaware (UDEL) global
gridded high resolution station (land) data; (4) Global Pre-
cipitation Climatology Centre (GPCC); (5) NOAA Global
Historical Climatology Network and the Climate Anomaly
Monitoring System (GHCN-CAMS); (6) Potsdam Institute
for Climate Impact Research, EartH2Observe, WFDEI and
ERA-Interim data Merged and Bias-corrected for ISIMIP
(EWEMBI). The details of these observational temperature
and precipitation datasets are given in Table 1.

The ERAINT reanalysis dataset (Dee et al. 2011) at
0.5°%0.5° horizontal resolution of Mean Sea Level Pres-
sure (MSLP), winds (zonal u and meridional v) and specific
humidity at 850 hPa has also been used for comparison with
model large-scale circulation. The ERAINT is also one of
the boundary datasets for RCA4 simulation for the period
1980-2005.

2.2 Model datasets
The Rossby Center RCM RCA is developed at the Swed-
ish Meteorological and Hydrological Institute (SMHI).

The fourth version of the Rossby Centre regional atmos-
pheric model—RCA4 (Samuelsson et al. 2011) is used in
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Table 1 Observed precipitation and temperature datasets used in this study

S. no. Dataset (precip) Resolution Period References

1 CRU TS v. 4.01 0.5M 1901-2016 Harris et al. (2014)

2 CPC-Unified 0.5D 1979-2005 Xie et al. (2010)

3 GPCC V7 0.5M 1901-2013 Schneider et al. (2015)

4 UDEL v5.01 0.5M 1901-2017 Willmott and Matsuura (2001)
5 EWEMBI1 0.5D 19792016 Frieler et al. (2017)

S. no. Data set (temp) Resolution Period References

1 CRU TS v. 4.01 0.5M 1901-2016 Harris et al. (2014)

2 CPC 0.5D 1979-2018 Beck et al. (2017)

3 GHCN-CAMS 0.5M 1948-2018 Fan and Van den Dool (2008)
4 UDEL v5.01 0.5M 1901-2017 Willmott and Matsuura (2001)
5 EWEMBII1 0.5D 1979-2016 Frieler et al. (2017)

the MENA-CORDEX and SA-CORDEX to downscale the
following CMIP5 GCMs: (1) EC-EARTH with horizon-
tal resolutions are 1.125°x 1.125° (2) Centre National de
Recherches Météorologiques CNRM-CMS at a resolution
of 1.4°x1.4° (3) NOAA Geophysical fluid dynamics Labo-
ratory GFDL-ESM2M with horizontal grid resolution of
approximately 2°.

RCA4 has been set up and run for both CORDEX
domains at horizontal resolution of 0.44° which corresponds
to approximately 50 km grid spacing. Figure la, b show
the RCA4 MENA-CORDEX and SA-CORDEX simulation
domains, respectively with AP as the study area, which is
a common region between two domains (shown as rectan-
gular boxes). A first set of runs consists of downscaling of
ERAINT reanalysis data. These simulations are used for
evaluating model performance in the recent-past climate. In
a second round, RCA4 has been used to downscale data of
three different GCMs. The simulations have been performed
for the, (1) historical period (1951-2005) for which histori-
cal forcing was applied and (2) different future (2006-2100)
Representative Concentration Pathways (RCPs) scenarios
(Moss et al. 2010) which have been applied to prescribe
possible range of future radiative forcing values in the year
2100. Greenhouse gas concentrations are expressed as equiv-
alent CO, concentrations following the RCP scenarios, and
interpolated from 1 year to the next. In this study, we used
the RCP 8.5 scenario which represents the category of ‘high
GHG emission scenario’ and prescribes the future radiative
forcing level approximately 8.5 W/m? by the end of twenty-
first century.

2.3 Methodology
The model results of both MENA-CORDEX and SA-

CORDEX domains for RCA4 simulations with ERAINT
LBC are compared with the observed temperature and
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precipitation by calculating simple biases and time series
analysis of two distinct subdomains over the AP for the
period 1981-2005. The details of selected subdomains
are described in Sect. 3.1.2. The analysis was performed
on seasonal (summer and winter) and annual time scales.
The annual cycles of GCMs and RCA4 simulations (with
ERAINT and different GCMs boundary condition) are cal-
culated. Taylor diagram (Taylor 2001) is made for selected
subdomains. A Taylor diagram can provide concise statis-
tical calculations of how well the spatial patterns of dif-
ferent models and observations match each other in terms
of correlation coefficient, the centered Root Mean Square
Difference (RMSD), and the standard deviation for the
seasons. The sensitivity of domain is examined by cal-
culating the differences between two CORDEX domains
for the base period (1976-2005) and also for the future
period (2071-2100). The RCA4 simulation differences are
also checked for different driving GCMs for assessing the
sensitivity to the LBCs along with the domain differences.
The projected changes during the period 2071-2100 with
respect to the base period of 1976-2005 in the mean tem-
perature and precipitation are calculated for the AP for
both CORDEX domains and driving GCMs under RCP8.5
scenario. The Sen’s method (Sen 1968) is used to calcu-
late the slope of the linear trends and Mann—Kendall test
(Mann 1945; Kendall 1975; Gilbert 1987) is used to check
the statistical significance (at 5% level) of trends in the
temperature and precipitation time series.

The climate of AP can be classified into two broader
seasons (Almazroui 2011), i.e., wet (November to April)
and dry (May to October). The differences in the large-scale
circulation patterns (MSLP, Winds (U and V) and Specific
Humidity) are also studied in order to understand the physi-
cal basis for the differences between RCA4 temperature and
precipitation simulations for both CORDEX domains and
different driving GCMs.
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3 Results and discussions

3.1 Model evaluation for MENA and SA CORDEX
simulations

3.1.1 Climatology of temperature and precipitation
and model biases

The observed mean (1981-2005) temperature (°C) for
dry season is shown in Fig. 2a. The temperature ranges
from less than 18 °C (over the Asir Mountains covering
south-western parts of Kingdom of Saudi Arabia (KSA)
and the western parts of Yemen) to above 33 °C (over
the eastern province of KSA). Attada et al. (2018) studied
the surface air temperature variability and its associated
large-scale circulation patterns over the AP and showed
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that the lowest temperatures over the south-west AP are
related to its proximity to the cold Arabian Sea waters,
in addition to the orographic effects. The temperature
is also lower over the north-western parts of AP cover-
ing northern parts of Tabuk and Jouf regions of KSA.
Whereas in the wet season, the mean temperature over
the northern AP is observed below 18 °C and remains
below 24 °C over the desert (Empty Quarter) in the eastern
province of KSA (Fig. 2b). The higher and lower mean
temperature distribution can also be seen on annual time
scales (Fig. 2¢). The biases in the mean temperature in
the MENA/SA CORDEX simulations are similar during
the dry season (Fig. 2d, g). There is a warm bias (above
3 °C) over the south-eastern parts and cold bias (above
2 °C) over the western parts of AP. A warm bias can also
be seen over the northern parts of AP. However, in case of
wet season the cold bias from 1 to 4 °C is observed over
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Fig.2 a—c Observed mean temperature (°C) for dry (May—October),
wet (November—April) and annual cases, respectively for the period
1981-2005. d—f Mean temperature (°C) bias of RCA4 (ERAINT) for
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the whole AP in the MENA simulation (Fig. 2e), but this
cold bias is restricted to only north-western parts of AP
in case of SA simulation (Fig. 2h) and a warm bias is vis-
ible over the eastern province of KSA. This warm bias is
more evident in the annual mean temperatures (Fig. 21i).
It has to be noted that there is no observational network
over the desert (Empty Quarter) in the eastern province of
KSA. The RCA4 simulations with ERAINT for MENA are
colder during the wet season compared to SA simulation,
especially over eastern parts (desert areas) of AP.

The observed mean (1981-2005) annual precipitation
(mm/month) is shown in Fig. 3c. The precipitation exceed-
ing 20 mm/month is observed over Asir Mountains in the
south-western parts of AP. The north-eastern parts of KSA
also receive some precipitation, below 8 mm/month. Oman
and United Arab Emirates (UAE) receive above 6 mm/
month precipitation. The climate of the most parts of AP is
hyper arid and remains dry throughout the year (Almazroui

OBSERVED (DRY

RCA4:ERAINT-OBS) MENA  (DRY
o

et al. 2012). Most of the precipitation during dry season is
received over the south-western parts of AP, particularly
over the Asir Mountains (Fig. 3a), which is associated with
the northward shifting of Inter Tropical Convergence Zone
(ITCZ) apart from the topographically-driven convective
events (Almazroui 1998; Abdullah and Al-Mazroui 1998).
The details of spatial distribution of rainfall and its related
large-scale mechanisms are described by Subyani (2004).
During the summer season, most of the AP remains dry.
In wet (winter) season, the northern parts of AP receive
more than 14 mm/month mean precipitation associate with
eastward moving westerlies and extension of Sudan low
(Fig. 3b). There is a wet bias during the dry season in both
MENA and SA simulations with more than 30 mm/month
is noted over the Asir Mountains (Fig. 3d, g), whereas a dry
bias is mainly observed over the whole AP in the wet season
(Fig. 3e, h). This dry bias is more evident in the MENA
simulation (Fig. 3e). The overall MENA domain simulation
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Fig.3 As Fig. 2 but for the observed mean precipitation (mm/month). Upper and lower rectangles show North-East (NE), and South-west (SW)

subdomains over the Arabian Peninsula, respectively
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is drier compared to SA domain simulation, except over the
Asir Mountains (Fig. 3f, i). It should again be noted that
there is also an observational uncertainty over this region
as there are very few meteorological stations located in this
region, especially over the mountains.

3.1.2 Annual cycle and spatial evaluation of temperature
and precipitation

There are clearly two distinct regions of precipitation shown
as two rectangular boxes in Fig. 3a—c. In the winter season,
the north-eastern parts (23-31°N, 42-50°E) of AP mainly
receives precipitation from the interaction of westerlies (low
pressure systems moving towards east from the Mediterra-
nean Sea) and the Sudan trough (extension of Sudan Low)
(Abdelmola 2009). Whereas in summer the south-western
parts (12.5-24°N, 40-46°E) of AP receives precipitation
influenced by the south Asian monsoon and Sudan low as a
result of the northward shifting of ITCZ. The mean rainfall
in the summer season is not influenced by the Mediterranean
weather conditions (Abdelmola 2009). Based on these two
main precipitation zones in winter and summer seasons, the
north-east and south-west boxes (Fig. 3a—c) are selected to
study the annual cycle of temperature and precipitation. The
same subdomains are also used in the time series analysis
of projected temperature and precipitation in the following
Sect. 3.2.
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Fig.4 a, b Annual cycle of observed, GCMs, and RCA4 simulated
past (1981-2005) mean surface temperature (°C) for North-East (NE)
and South-West (SW) subdomains, respectively for MENA and SA
simulations with ERAINT, CNRM-CM5, EC-EARTH, and GFDL-
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——RCA4_EC-EARTH (MENA)

The annual cycle of observed and simulated tempera-
ture and precipitation for north-east and south-west regions
of AP for both MENA and SA simulations are shown in
Fig. 4. The RCA4 (ERAINT) annual cycle of temperature
in the north-east subdomain is well simulated and is in
agreement with the observations, however the cold bias
(about 3 °C) can be seen in the winter months (Fig. 4a) for
MENA simulation. GCMs and RCA4 driven by different
GCMs simulations are showing cold bias throughout the
year. In the south-west subdomain (Fig. 4b), the annual
cycle is not well captured by EC-EARTH GCM, espe-
cially during summer months. The cold bias in the RCA4
simulations over south-west subdomain is similar to that
as observed for north-east subdomain for both MENA and
SA simulations. It is again noted that RCA4 (ERAINT)
MENA simulations have cold biases compared with SA
simulations during winter months. Generally, SA simula-
tions of temperature are closer to observations compared
to MENA simulations. In case of precipitation (Fig. 4c,
d), the RCA4 (ERAINT) annual cycle is better simulated
by SA simulation compared to MENA simulation. MENA
simulation is underestimating the precipitation, especially
in winter (more than 10 mm/month) in the north-east sub-
domain (Fig. 4¢). In the south-west subdomain, the pre-
cipitation simulated by the EC-EARTH GCM is going
above 150 mm/month during summer (secondary axis in
Fig. 4d). The double peak in precipitation annual cycle in
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mean precipitation (mm/month) for NE and SW subdomains, respec-
tively. In d, the secondary vertical axis on the right side is for EC-
EARTH GCM, as the value approaches 160 mm/month
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the observations during spring and summer is captured by
both MENA and SA simulations; however, both simula-
tions underestimate the strength of annual cycle in the
spring season. It can also be noted that the MENA/SA
simulations produce a wet bias in the summer months,
especially in the month of August. The monthly mean and
standard error for multi-observed mean near surface air
temperature (°C) and precipitation (mm/month) over the
North-East and South-West Arabian Peninsula are given
in Table 2. The small values of standard errors for both
temperature and precipitation show that the differences
among five observational datasets are not large.

The statistical analysis of the spatial patterns of mean
(1981-2005) temperature and precipitation over the whole
AP (analysis domain, Fig. 1) of different GCMs and RCA4
(driven by ERAINT and GCM outputs) in the MENA/SA
simulations is presented in the Taylor diagram (Fig. 5).
Statistics for RCA4 model, driven by ERAINT and differ-
ent GCMs, are computed to quantify how closely models’
simulation pattern matches with a reference field. The spa-
tial correlations of RCA4 simulations of temperature lie
between 0.9 and 0.95 for both dry and wet seasons, respec-
tively, whereas GCMs have large differences especially in
dry season. The RMSD is less in the wet season compared
to dry season, whereas the standard deviation well approxi-
mates the observations. Overall, the RCA4 for both simula-
tion domains has relatively high spatial correlation with low
RMSD for both seasons. It is also noted that the MENA and
SA temperature simulations are clustering separately dur-
ing the dry season, this clustering is also visible in case of
precipitation during dry season. The spatial correlations of
simulated precipitation are above 0.8 for both the seasons
and simulations, whereas the standard deviation is not well
captured during the wet season. EC-EARTH GCM shows a

very high standard deviation and RMSD, especially in the
dry season (Fig. 5).

3.1.3 Differences between two CORDEX simulation
domains

The sensitivity of regional climate model to MENA/SA
simulation domains and different LBCs is discussed in this
section. The results in Fig. 6 are presented as the differ-
ences between MENA and SA simulations for seasonal
(dry and wet) and annual temperatures with ERAINT and
GCM-driven boundary conditions. In case of dry season
(Fig. 6, left column); the model (driven by ERAINT and
GCM outputs) simulates the highest (above 2 °C) tempera-
tures over most of the AP and lowest (around 2 °C) in the
central parts of KSA for MENA compared to SA simulation.
This spatial pattern remains similar irrespective of different
LBCs. Similarly, for the temperature differences between
MENA and SA simulations during wet season, the MENA
temperature simulations are lower over almost the whole
AP with a minor effect of different LBCs (Fig. 6, middle
column). However, MENA simulations are warmer (between
1° and 2°) over the eastern Africa and north-western AP.
The results for annual case are similar to those found in the
wet season (Fig. 6, right column). It can also be noted that
the magnitude of the differences between MENA and SA
simulations for RCA4 driven by GFDL-ESM2M is slightly
lower compared to ERAINT and other GCMs-driven model,
showing some effects of LBCs.

In the case of a precipitation (Fig. 7), RCA4 (ERAINT)
MENA simulations are drier in both the seasons compared
to SA simulations (Fig. 7, top row). RCA4 with LBCs of
CNRM-CM5 GCM also show similar dry pattern (Fig. 7,
second row), with the exception over the desert (Empty

Table 2 Standard Error (SE)

. Month North-East (NE) South-West (SW)

for multi-observed mean near

surface air temperature (°C) and Temperature Precipitation Temperature Precipitation

precipitation (mm/month) over —_—

the North-East and South-West Mean SE Mean SE Mean SE Mean SE

Arabian Peninsula JAN 13.41 0.28 17.71 0.15 19.78 2.01 7.83 1.09
FEB 15.36 0.27 12.73 0.21 21.09 1.81 6.58 1.39
MAR 19.46 0.25 21.02 0.13 23.38 2.48 17.38 2.18
APR 25.17 0.23 15.99 0.18 26.21 222 22.41 2.31
MAY 30.91 0.18 5.39 0.14 29.05 1.11 15.09 1.80
JUN 34.01 0.16 0.29 0.12 30.95 0.06 5.62 0.83
JUL 35.32 0.17 0.25 0.12 31.52 0.06 17.51 1.47
AUG 35.20 0.22 0.40 0.11 31.41 0.08 24.01 1.93
SEP 32.35 0.14 0.23 0.11 29.69 0.05 7.94 0.59
OCT 27.14 0.19 3.51 0.12 26.22 0.81 7.54 1.62
NOV 20.29 0.19 13.55 0.12 22.92 2.77 7.84 1.45
DEC 15.18 0.30 16.09 0.13 20.70 2.36 7.79 1.07
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Fig.5 Top row: Taylor diagram showing a statistical comparison of
spatial patterns with observation of three different GCMs and RCA4
simulated past (1981-2005) annual mean surface temperature (°C)
for AP, for MENA and SA simulations with ERAINT, CNRM-CM35,

Quarter) areas of KSA during wet season. The magnitude
of this difference in the precipitation due to difference in
the simulation domain (MENA/SA) is comparable to the
mean precipitation (Fig. 3, left column) observed over
the region. However, in case of RCA4 (EC-EARTH) and

Precipitation

@ RCA4_EC-EARTH (MENA)
@ RCA4_EC-EARTH (SA)

Standard Deviation (Normalized)

T
0.0 05 10 15

Standard Deviation (Normalized)
Centered RMS Difference

Standard Deviation (Normalized)

0.0 05 1.0 15 20

Standard Deviation (Normalized)
Centered RMS Difference

B RCA4_GFDL (MENA)
B RCA4_GFDL (SA)
B GFDL-ESM2M

@ RCA4_ERAINT (MENA)
@ RCA4_ERAINT (SA)
B OBSERVED

EC-EARTH, and GFDL-ESM2M lateral boundary conditions. Bot-
tom row: same as top row except for annual mean precipitation (mm/
month)

RCA4 (GFDL-EM2M), the eastern parts of AP are wet in
MENA simulations compared to SA simulations (Fig. 7,
bottom rows). It should be noted that the simulation of
temperature seems to be very sensitive to the simulation
domain (MENA/SA) and not sensitive to different LBCs,
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Fig.6 a-d The difference between RCA4 simulated past (1981-
2005) mean surface temperature (°C) with ERAINT, CNRM-CMS5,
EC-EARTH, and GFDL-ESM2M, respectively lateral boundary con-

whereas in case of precipitation LBCs seem to play domi-
nant role.

3.1.4 Differences in large-scale circulation and humidity

We have also emphasized investigating the differences in
large-scale circulation between MENA and SA simulations
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ditions for MENA and SA simulations during dry season. e-h and i-1
Same as left column (a—d) except for the wet and annual case, respec-
tively. Black dots show significance at 95% level

over the selected common domain (i.e., AP and its sur-
rounding areas) in order to see if the differences in the
temperature and precipitation can be explained. The
mean SLP and winds at 850 hPa for dry and wet seasons
are shown in Fig. 8a, b, respectively. In dry season the
southern regions of AP and northwestern parts of Ara-
bian Sea are dominated with the south Asian summer
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(DRY)
RCA4:ERAINT (MENA) (SA)

(WET)
RCA4:ERAINT (MENA)-(SA)

(ANN)
RCA4:ERAINT (MENA)- (SA)

Fig.7 As Fig. 6 but for the mean precipitation (mm/month)

monsoon circulations. This cyclonic flow pattern during
the monsoon season contributes mainly to the wet condi-
tions over the south-west subdomain (particularly over the
highlands of Yeen), southern Oman and UAE. The heat
low, which develops during May—September over Pakistan
and north-west India (Bollasina and Nigam 2011), with
its elongated westward extension towards AP can also be

35E40E 45E 50E 55E 60E 35E 40E 45E 50E 55E 60E 35E40E 45E 50E 55E 60E

seen in the Fig. 8a. The position of the ITCZ can also be
identified from to the convergence of winds from north
and south between 10°N and 20°N from west to eastern
parts of the domain. A ridge of high pressure can be seen
in the MSLP and winds (anti-cyclonic) over AP in the wet
season (Fig. 8b). The difference between MENA and SA
simulation of RCA4 (ERAINT) during dry season show
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Fig.8 a, b Observed (ERAINT) climatology of mean sea level pres-
sure (shaded, hPa) and 850-hPa winds (arrows, m/s) for dry and
wet seasons, respectively. ¢, d Same as a, b except for the differ-
ence between RCA4 MENA and SA simulations (1981-2005) with

strengthening of monsoon flow over the northern parts of
Arabian Sea and the southward flow from Sahara desert
in the western parts of the domain (Fig. 8c). This intensi-
fied southward flow from the African desert region may
be linked to the higher temperatures in the MENA simu-
lations (Fig. 6a), whereas the stronger monsoon flow is
advecting moisture eastward from AP, resulting in higher
specific humidity in the eastern parts of the domain and
lower specific humidity over the western parts including
AP (Fig. 8e). The decreased humidity over the AP in the
MENA simulation compared to SA simulation maybe
attributed to decreased precipitation over AP (Fig. 7a).
During wet season, the northerly flow strengthens over
most parts of the domain (Fig. 8d). This intensified south-
ward flow from the AP and its adjoining areas may likely
be linked to the lower temperatures in the MENA simula-
tions over the region (Fig. 6e). It is again noted that, the
higher specific humidity conditions in the south-eastern
parts of the domain (east Arabian Sea) and lower over
the AP and its western parts may be associated with the
strong southward advecting moisture flow from the north
(Fig. 8f). A lower specific humidity over the AP in the
MENA simulation compared to SA simulation during wet
season is a likely reason for the decreased precipitation
over the AP (Fig. 7e).
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ERANT lateral boundary conditions. e, f: Same as ¢, d except for
850 hPa specific humidity (g/kg). Black dots show significance at
95% level

3.2 Projected changes in future mean temperature
and precipitation for two CORDEX simulations

Climate change scenarios of mean temperature and pre-
cipitation have been developed for the year 2100 for
RCP8.5 emission scenario. Radiative forcing reaches
8.5 W/m? by the end of this century. Figure 9 shows mean
temperature climate change scenario of the dry season for
2100 (2071-2100), with respect to the historical model
simulations for the period 1976-2005 for GCMs (CNRM-
CM5, EC-EARTH and GFDL-ESM2M) and RCA4 with
LBCs of these GCMs, for both MENA and SA simula-
tions. CNRM-CM5 GCM is showing warming over the
AP up to 4.8 °C (Fig. 9a), whereas in case of EC-EARTH
and GFDL-ESM2M the warming is going up to 5.7 °C
(Fig. 9e, 1). This difference in the warming by different
GCMs is also visible after downscaling by RCA4 for
both MENA and SA simulations (Fig. 9, second and third
row). It is also noted that EC-EARTH and GFDL-ESM2M
GCMs show a bit more warming, especially over the north
AP, compared to CNRM for both MENA and SA simu-
lations. The warming (up to 4.8 °C) projected by RCA4
with CNRM boundary conditions is mainly confined to the
areas above 25°N latitude in the SA simulations (Fig. 9c¢).
The differences between RCA4 MENA and SA simulations
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Fig.9 a—c Changes in projected (2071-2100) mean temperature (°C)
with respect to recent past (1976-2005) during dry season, obtained
from CNRM-CMS5 and RCA4 simulations with CNRM-CMS5 lateral
boundary conditions for MENA and SA simulations, respectively
under RCP 8.5 scenario. The bottom figure (d) shows the same as

projected warming for different LBCs (Fig. 9, bottom row)
show strikingly similar patterns as for the differences in
the downscaled historical simulations (Fig. 6b—d). Simi-
larly, during wet season the differences between the pro-
jected warming (Fig. 10, bottom row) is similar to that

above, except for the projected difference between MENA and SA
simulations. Middle and Right columns: Same as left column except
for RCA4 simulations with EC-EARH and GFDL-ESM2M lateral
boundary conditions

as observed for the differences in the downscaled histori-
cal simulations (Fig. 6f-h). In the MENA simulations,
the warming signal is about 2 °C less compared to SA
simulations over the whole AP (Fig. 10, bottom row).
The warming by the end of twenty-first century in the wet
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Fig. 10 As Fig. 9 but for the wet season

season is generally less compared to dry season, except for
EC-EARTH GCM. The increase in mean temperature is
around 4.2 °C in case of CNRM-CM5 and GFDL-ESM2M
GCMs, as well as in the downscaled GCMs. The difference
in the simulation domain (i.e., MENA and SA) is resulting
in a difference of about 2 °C in the warming by the end
of this century, showing that not only the historical simu-
lations are affected by the choice of simulation domain
but the projected changes in the temperature under RCP
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scenarios are also very sensitive to the domain selection,
which is comparable to the differences arising due to dif-
ferent LBCs.

In case of precipitation, the GCMs are projecting mixed
climate change signal by the end of twenty-first century
(Fig. 11, top row) during dry season. CNRM-CMS5 shows
slightly more (about 8 mm/month) precipitation in the
future simulations, whereas EC-EARTH and GFDL-
ESM2M simulate decreased precipitation over the AP.
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Fig. 11 As Fig. 9 but for the mean precipitation (mm/month)

The projected changes in the precipitation are slightly
modified after downscaling with RCA4 in MENA and SA
simulations (Fig. 11, middle rows). There is an increase
in precipitation over the AP, except over the Asir Moun-
tains, in the MENA simulations with RCA4 (CNRM-CM5
and EC-EARTH; Fig. 11b, f), while a decrease in pre-
cipitation (except over the eastern AP) is noted in case
of RCA4 (GFDL-ESM2M; Fig. 11j). The SA simulations

35E 40E 45E 50E 55E 60E 35E4OE 45E 50E 55E 60F 35E40E 45E 50E 55E 60F

show increase in precipitation with RCA4 (CNRM-CMS5
and GFDL-ESM2M; Fig. 1lc, k), whereas a decrease
is observed in case of EC-EARTH-driven RCA4 model
(Fig. 11g). The difference between MENA and SA simu-
lated precipitation for the period 2071-2100 is shown in
Fig. 11 (bottom row). In general, MENA simulation is
projecting drier climate compared to SA simulation and
this difference due to simulation domain is comparable to

@ Springer



7060

F.S.Syed et al.

the projected climate change. Although there is a mixed
projected precipitation signal for different LBCs and simu-
lation domains, however the difference due to simulation
domains in future is again strikingly similar to the differ-
ences observed in the historical simulations (Fig. 7b—d).
During wet season, a decrease in precipitation is generally
observed over the whole AP by the end of twenty-first

(CNRM-CMS5)-(REF) (EC-EARTH)-(REF)

(2100)

25N -

20N -

15N -

=

RCA4(CNRM) (REF):MENA

century, as projected by GCMs (Fig. 12, top row). After
downscaling with RCA4, the signal remains same for
MENA simulation but becomes slightly opposite in the
SA simulation (Fig. 12, middle rows). In case of RCA4
(CNRM-CMS5), the MENA simulation is drier compared
to SA simulation, however the difference is not prominent
in case of RCA4 driven by the LBCs of EC-EARTH and
GFDL-ESM2M (Fig. 12, bottom row).
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Fig. 12 As Fig. 11 but for the wet season

@ Springer

35E40E 45E 50E 55E 60E 35E 40E 45E 50E 55E 60E 35E40E 45E 50E

S5E 60E




Regional climate model RCA4 simulations of temperature and precipitation over the Arabian...

7061

3.2.1 Time series analysis

As discussed in Sect. 3.1.2, two major regions were identi-
fied on the basis of different precipitation regimes in winter
(wet) and summer (dry) seasons. The area average mean
temperature time series of observed, historical and the
future projections under RCP8.5 scenario over the north-
east and south-west regions (subdomains) of AP are shown
in Fig. 13. Both the observed and ensemble mean historical
simulations are showing increasing trend in the past decades
(1981-2005) with an increase in temperature from 0.6 to
1.0 °C. The slope of the observed temperature time series
for both the subdomains is above 0.06 °C/year. The trend in
the historical simulations of GCMs and downscaled GCMs
with RCA4 are also showing statistically significant increas-
ing trends during the period 1981-2005 (Fig. 13a, b). Both
GCMs and RCA4 simulations are showing cold bias (about
2-3 °C); the cold bias is more in the downscaled simula-
tions. In the north-east subdomain, the MENA simulation
is clearly colder (above 1 °C) compared to SA simulation,
whereas there is not much difference in case of south-
west subdomain. This difference in temperature between
MENA/SA simulations remains consistent up to the end of
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twenty-first century (Fig. 13a). It should be noted that the
south-west subdomain is dominated with precipitation in the
summer related to ITCZ, whereas the north-east subdomain
receives precipitation during winter season associated with
eastward moving westerlies and Sudan trough. The differ-
ence in temperature among different GCMs is larger (about
2-3 °C), but after downscaling this difference is reduced in
both historical and future simulations for both subdomains.
This convergence behavior is typical for RCMs (Syed et al.
2014).

In case of precipitation, there is no significant trend in
the past as well as in the future for both GCMs and RCA4
simulations over both subdomains (Fig. 13c, d). However,
the precipitation over south-west (north-east) AP, i.e., over
Asir Mountains subdomain is showing slightly decreasing
(increasing) trend by the end of twenty-first century. RCA4
MENA simulations are drier (above 5 mm/month) compared
to SA simulations, especially in the south-west subdomain
for the whole period 1981-2100 (Fig. 13d). In the north-
east subdomain, there is a clear difference in temperature
for MENA and SA simulations but almost no difference
is observed in the precipitation time series (Fig. 13a, c),
and the situation is vice versa in south-west subdomain.
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Fig. 13 a, b Mean annual temperature (°C) time series, area average
over the North-East (NE) and South-West (SW) subdomains, respec-
tively of Arabian Peninsula for MENA and SA simulations for histor-
ical (1981-2005) and future (2006-2100) periods under RCP 8.5 sce-
nario. The brown lines represent multi-observed mean and the green,
red, and blue thick lines show multi-model mean for GCMs, RCA4
(MENA), and RCA4 (SA) simulations, respectively. The dashed lines

show the linear trends in the time series. ¢, d Same as a, b except
for annual precipitation (mm/month) for NE and SW subdomains,
respectively. The values in parenthesis show slope of trend line (mm/
month/year) using Sen’s slope estimator. The trend in time series is
checked at 5% significance level using MK test and is marked with
asterisk
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The difference in the temperature cannot be explained by
the differences in the precipitation in the MENA and SA
simulations. Therefore, some other dynamical or physical
processes are responsible for these differences, which bear
further investigation.

4 Summary and conclusions

In the COordinated Regional climate Downscaling EXperi-
ment (CORDEX), a matrix of several RCM simulations
(with LBCs of ERA-Interim reanalysis and different GCMs)
is available for many regions (domains) of the globe, for
historical (1951-2005) and future (2006-2100) periods
under different RCP scenarios. Rossby centre RCM RCA4
has downscaled three GCMs, i.e., CNRM-CM5, EC-EARTH
and GFDL-ESM2M for both MENA and SA CORDEX
simulation domains, Arabian Peninsula (AP) is covered in
both MENA and SA simulations. The differences between
MENA and SA simulations for different LBCs in the his-
torical (1976-2005) and future (2071-2100) time periods
under RCP8.5 scenario is examined to study the effects of
CORDEX domain and driving GCMs on the simulation
of temperature and precipitation over the AP. The analysis
is done for both winter (wet) and summer (dry) seasons.
RCA4 simulations are capturing the observed temperature
and precipitation patterns with some local biases. A wet bias
of about 30 mm/month during summer season is observed
over south-western parts of AP (Asir Mountains), whereas
in winter season dry bias is present over the whole region.
There is a cold bias (about 2 °C) over the north-western
parts of Kingdom of Saudi Arabia, covering Madinah and
Hail regions in both MENA and SA simulations and warm
bias over eastern parts of AP during summer, whereas a cold
bias (0.5-3 °C) is observed over the whole region, especially
in case of MENA simulations during winter. The annual
cycle of temperature and precipitation is well captured with
cold bias throughout the year in GCMs and RCA4 driven
by GCMs simulations. Generally, the annual cycle of SA
simulations of temperature and precipitation are closer to
observations compared to MENA simulations. Generally
there are less biases in the temperature in the SA simula-
tions compared to MENA simulations in both the seasons,
however in case of precipitation there are less biases in the
MENA simulations in dry season. The SA simulations are
performing well in reproducing present climate of AP.

In case of dry season, higher temperatures over most of
the AP with exception over the central parts of KSA are
simulated for MENA compared to SA simulation. However
during wet season, the MENA temperature simulations are
lower over the whole AP. These lower temperatures in the
MENA simulations compared to SA simulations maybe
linked to intensified southward flow from the northern parts
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of the domain. Different LBCs have little effect on these
spatial patterns. The simulation of temperature seems to be
very sensitive to the simulation domain (MENA/SA) and
less sensitive to different LBCs. MENA simulations are drier
in both the seasons compared to SA simulations in case of
ERAINT boundary conditions, which may be attributed to
lower specific humidity over the AP in the MENA simula-
tion compared to SA simulation, but the eastern parts of AP
are wet in MENA simulations of RCA4 with EC-EARTH
and GFDL-ESM2M boundary conditions. In case of precipi-
tation LBCs seems to play dominant role.

The differences in the MENA and SA simulations as seen
in the historical simulations are also propagating in future,
resulting in a difference of ~2 °C in the warming by the
end of the century, which is comparable to the differences
arising due to different LBCs and climate change. MENA
simulation is generally projecting drier climate compared
to SA simulation and this difference is also comparable to
the projected climate change. The choice of domain seems
to create a systematic bias in the simulations of temperature
and precipitation.
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