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Abstract Saudi Arabia has a long tradition of relying on fossil fuels for satisfying its energy demand.
With the rising energy needs due to population growth and societal development, the nation is
seeking other sources of energy, which include its largely underused wind resources. In this paper,
we analyze the wind power potential in Saudi Arabia based on the MENA CORDEX (Middle East North
Africa Coordinated Regional Climate Downscaling Experiment) model output. We investigate which climate
settings and MENA CORDEX runs best capture the spatiotemporal patterns of reanalysis products,
as assessed by multiple statistical metrics. Although there is a systematic negative bias in wind speed
magnitudes for the five analyzed MENA CORDEX simulations, all runs are able to reproduce the seasonality
and annual cycle of wind speed shown in the reanalysis data. The MENA CORDEX run with the highest
skills is used to quantify the wind energy potential in Saudi Arabia in both current and future climates. Our
analysis shows that a high wind energy potential exists over a vast area of western Saudi Arabia, particularly
in the region between Medina and the Red Sea coast and during summer months. Based on model
projections, the energy potential in these areas is likely to persist at least until the middle of the 21st century
and thus may provide a valuable renewable source of energy.

1. Introduction

Investigating the spatial and temporal variabilities of near-surface wind speed is critical to understand the
historical evolution and variation of wind climatology, as well as to make future projections in a warming
world (Pryor et al., 2005; Rasmussen et al., 2011). Moreover, characterizing wind speed spatiotemporal pat-
terns is crucial to assess the associated energy potential and thus to develop infrastructures in regions where
these resources are most abundant. Global or regional wind climatology, extremes, and wind energy poten-
tial have been mostly inferred from Earth System Model (ESM) ensembles and regional climate model (RCM)
experiments. For example, Lu et al. (2009) integrated direct observations of wind speeds and profiles (when-
ever available) into the Goddard Earth Observing System Data Assimilation System ESM that run globally at a
spatial resolution of 0.50∘ × 0.67∘ (latitude×longitude) for a specific year of interest. However, their estimates
and model performance were not evaluated against observations. Zhou et al. (2012) estimated the energy
potential of global onshore wind using the Climate Forecast System Reanalysis data from the National Centers
for Environmental Prediction (Saha et al., 2010), available at higher spatial resolution (0.31∘ latitude/longitude)
for the years 1980–2009. Lu et al. (2009) provided improved quantification of global wind energy potential,
but their estimates are negatively biased in comparison with those derived from high-resolution data sets
(New et al., 2002) or regional model simulations (Pryor, Barthelmie, & Schoof, 2012), which more accurately
capture regional variabilities and thus provide insights about where to harvest the highest wind speeds.

Saudi Arabia has mostly relied on fossil fuels for its energy needs, but this is changing due to the rising demand
in energy resulting from industrial development, urbanization, and growth of its population. Saudi Arabia
has a very large underused potential of renewable energy, and it is planning to build a capacity of 54 GW by
2032, of which 9 GW are expected to come from wind power (KA-CARE, 2012). Due to the country’s sparse
and difficult access to data from monitoring stations, most studies evaluating Saudi Arabia’s wind potential
have focused on a few locations only, including five coastal sites (Rehman & Ahmad, 2004), and a few others in
the Rafha area (Rehman et al., 2007) and the western province of Saudi Arabia (Shaahid et al., 2014). To over-
come the challenge associated with the observational spatial and temporal coverage, Yip et al. (2016) assessed
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the wind energy potential over the Arabian Peninsula during the period 1979–2014 using data from the Mod-
ern Era Retrospective-Analysis for Research and Applications (MERRA, Rienecker et al., 2011) data set, which
has a spatial resolution of 0.5∘ × 0.67∘ (latitude×longitude). They found more abundant wind resources over
the western mountains than most of the coastal areas of the Red Sea, as well as persistent winds along the
Arabian Gulf coasts.

The international Coordinated Regional Climate Downscaling Experiment (CORDEX, Jones et al., 2011), spon-
sored by the World Climate Research Program, is responsible for the global coordination of regional climate
downscaling to improve regional climate change adaptation and impact assessment. In this work, we focus
on the Middle East North Africa (MENA) CORDEX Program, which is a branch of the CORDEX initiative and
includes the Arabian Peninsula, the focus area of our research. Our objectives are the following:

1. to investigate the spatiotemporal patterns of near-surface wind speeds for current climate conditions (years
1980–2005) based on the MENA CORDEX output,

2. to investigate the sources of variability in wind speed resources relative to multiple reanalysis products, and
3. to quantify wind power density (WPD) and associated spatiotemporal patterns for current and future

climates.

We evaluate the degree of agreement between climate model outputs and reanalysis data by computing
multiple statistical metrics, including wind speed magnitudes (means and quantiles), historical trends, return
periods, temporal (interannual and intra-annual) variabilities, spatial patterns, extremal behavior, and multi-
decadal future trends. Discrepancies between simulated and reanalysis wind speed patterns are investigated
by comparing the skills of different MENA CORDEX ensemble members as a function of spatial resolution and
initial/lateral boundary conditions.

The paper is organized as follows. In section 2, we describe the wind data from MENA CORDEX and the reanal-
ysis products, as well as the preprocessing required to homogenize the spatial and temporal resolution of
the analyzed data sets. In section 3, we introduce the statistical metrics and methods used to assess model
performance and define WPD. In sections 4–6, we assess the performance of the five MENA CORDEX runs in
simulating wind speeds over Saudi Arabia relative to the reanalyses. The statistical metrics are computed to
investigate the spatially averaged annual cycle/seasonality, temporal variabilities, spatial fields of the mean,
standard deviation, quantiles and return levels of wind speeds, and wind speed variabilities over six regions
in Saudi Arabia. In section 7, we quantify the wind energy potential, by computing WPD from both MERRA-2
and the MENA CORDEX run with highest performance. We then investigate possible sources of model bias
(section 8), draw some conclusions, and discuss future wind energy potential scenarios in section 9.

2. Data

In this study, we focus on the Arabian Peninsula, bounded approximately by longitudes 34∘E–56∘E and lati-
tudes 16∘N–33∘N. The domain of our study also includes the Red Sea, the Persian Gulf, parts of the Arabian
Sea, Iraq, Iran, Egypt, and Sudan. We investigate the daily 2-D near-surface (i.e., 10 m above surface) wind
speed using the five simulated historical runs performed by the Swedish Meteorological and Hydrological
Institute, from the publicly available MENA CORDEX data set published via the Earth System Grid Federation.
The historical ensemble runs are ESM-driven simulations forced with data from the Coupled Model
Intercomparison Project (Taylor et al., 2012) historical experiments. We also analyze wind speed projections
from the two CORDEX runs with the highest skills in capturing spatiotemporal variability of reanalysis data.
Both runs adopt the Representative Concentration Pathways 8.5 scenario until 2100 (van Vuuren et al., 2011).
In addition, in order to investigate the effect of lateral boundary conditions on model bias and variability in
the historical MENA CORDEX runs, we perform an additional comparison against two MENA CORDEX runs
forced by ERA-Interim (Dee et al., 2011).

Since direct observations of wind speed over Saudi Arabia are sparse and not publicly available (Yip et al.,
2016), we consider the recently released version 2 of MERRA (i.e., MERRA-2, Gelaro et al., 2017) reanalysis data
set as the “reference” for comparison with MENA CORDEX. MERRA was a product of National Aeronautics and
Space Administration’s Global Modeling and Assimilation Office, which placed observations from its Earth
Observing System satellites into climate context, and MERRA-2 was recently introduced to replace the MERRA
data set, in response to the advances made in the assimilation system. Further, we perform an additional
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Table 1
Key Characteristics of the MENA CORDEX Simulations, MERRA-2, and ERA-Interim Reanalysis Products Used in This Study

Spatial resolution
Model run Driving experiment (latitude×longitude) Temporal resolution Years Driving model Institute

CORDEX-1 historical 0.44∘ × 0.44∘ daily 1950–2005 CNRM-CM5 CNRM-CERFACS

CORDEX-2 historical 0.44∘ × 0.44∘ daily 1950–2005 EC-EARTH ICHEC

CORDEX-3 historical 0.44∘ × 0.44∘ daily 1950–2005 GFDL-ESM2M NOAA-GFDL

CORDEX-4 historical 0.22∘ × 0.22∘ daily 1950–2005 GFDL-ESM2M NOAA-GFDL

CORDEX-5 historical 0.22∘ × 0.22∘ daily 1950–2005 EC-EARTH ICHEC

CORDEX22 evaluation 0.22∘ × 0.22∘ daily 1980–2010 ERAINT ECMWF

CORDEX44 evaluation 0.44∘ × 0.44∘ daily 1980–2010 ERAINT ECMWF

CORDEX-2 rcp85 0.44∘ × 0.44∘ daily 2006–2100 EC-EARTH ICHEC

CORDEX-4 rcp85 0.22∘ × 0.22∘ daily 2006–2100 GFDL-ESM2M NOAA-GFDL

MERRA-2 historical 0.50∘ × 0.625∘ hourly 1979–2017 reanalysis NASA-GMAO

ERA-Interim historical 0.75∘ × 0.75∘ 6-hourly 1979–2017 reanalysis ECMWF

Note. ECMWF = European Centre for Medium-Range Weather Forecasts; GMAO = Global Modeling and Assimilation Office; ICHEC = Irish Centre for High-End
Computing; NASA = National Aeronautics and Space Administration; NOAA = National Oceanic and Atmospheric Administration; CORDEX = Coordinated Regional
Climate Downscaling Experiment; MERRA-2 = Modern Era Retrospective-Analysis for Research and Applications version 2.

evaluation relative to the ERA-Interim reanalysis produced by European Centre for Medium-Range Weather
Forecasts to investigate the presence of a possible regional bias in the MERRA-2 data set.

Table 1 summarizes the key characteristics of the data sets used in our study. The last two columns of Table 1
indicate the ESMs providing initial and lateral boundary conditions for each MENA CORDEX run, and the insti-
tutes producing those ESMs, respectively. All of the nine MENA CORDEX runs analyzed are based on the same
RCM, that is, the Rossby Centre regional atmospheric model (RCA4, Kupiainen et al. (2011)); thus, differences
in model output are dictated by the different spatial resolution at which RCA4 is applied and to the different
lateral boundary conditions.

Since only hourly U (zonal velocity) and V (meridional velocity) wind speed components at 10 m above
the displacement height (U10M and V10M, respectively) are available from the 2-D atmospheric single-level
diagnostics MERRA-2 files, we reconstruct the near-surface wind speed as

10 m wind speed =
√
U10M2 + V10M2. (1)

We then compute the MERRA-2 daily average winds from hourly wind speeds. For consistency, we also
reconstruct the daily near-surface wind speeds from ERA-Interim and MENA CORDEX based on the U and
V components. In this study, we focus on onshore winds; thus, all statistical metrics reported are computed
based on land areas only.

In this study, we focus on the 1 January 1980 to 31 December 2005 period (26 years), which is the overlap-
ping period between the MENA CORDEX, MERRA-2, and ERA-Interim data sets. Spatial fields of reconstructed
wind speed from MENA CORDEX runs with a spatial resolution of 0.22∘ × 0.22∘ or 0.44∘ × 0.44∘ are interpo-
lated to a common 0.50∘ × 0.625∘ (latitude×longitude) grid to match the one used in MERRA-2 by applying a
simple neighborhood-averaging method. Analogous methods are used for regridding data from CORDEX to
ERA-Interim spatial resolution to evaluate model runs against that reanalysis product. The final data consist
of 35 × 35 = 1,225 spatial locations in MERRA-2 spatial resolution and 31 × 24 = 744 locations in ERA-Interim
spatial resolution, over a period of 9,497 days.

In order to examine the wind spatial variability over regions with different topographies and high-energy
potentials, we focus on six circular regions (referred to as R1–R6, Figure 1) with a radius of 1∘ latitude/
longitude, similar to those proposed in Tagle et al. (2017). The elevation data are retrieved from Google Maps
Elevation application programming interface (Google Developers, 2017). Region 1 (R1) is located between
Tabuk and Yanbu, whereas Region 3 (R3) is located between Yanbu and Mecca; both regions are close to the
Red Sea. Region 2 (R2), in the north, comprises the city of Sakaka; Region 4 (R4) is close to the city of Wadi
ad-Dawasir, east of the Asir Mountains; Region 5 (R5) is on a flatland in the southern part of Riyadh; Region 6
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Figure 1. Analyzed domain and location of the six regions (i.e., R1–R6) in Saudi Arabia. The color shading indicates
terrain elevation (in meters).

(R6) is in the northeast and close to the Persian Gulf. The far eastern part of Saudi Arabia is not represented
within the region selection because of the substantially lower wind speeds over that area throughout the year
from both MERRA-2 and CORDEX. Given that major interest is in areas of high-energy potentials, that part of
Saudi Arabia is discarded from further analyses.

3. Methods

In this section, we illustrate some of the methods and metrics used in our research.

3.1. Taylor Diagram
The Taylor diagram (Taylor, 2001) is a graphical tool designed to summarize the following three statistical met-
rics used to quantify the similarity in spatial patterns between model simulations and direct observations (or
a reference): (1) the Pearson correlation, (2) the standard deviation, and (3) the root-mean-square difference
(RMSD). The Taylor diagram has been widely used to provide a comparative assessment of climate models
in simulating global climate in relation to observational data (Chen et al., 2012; Ebert et al., 2007; Gleckler
et al., 2008; Haidvogel et al., 2008; Pryor, Barthelmie, & Schoof, 2012; Schmidt et al., 2006). Specifically, in the
Taylor diagram, the Pearson correlation coefficient is represented by the azimuthal angle, the ratio of stan-
dard deviations by the radial distance from the origin, and the RMSD is proportional to the distance to a
reference point on the x axis where the ratio of the standard deviations is equal to 1 (Taylor, 2001). Model
simulations that lie closest to this reference point on the x axis have the highest degree of agreement with
the reference data, since they have a high correlation, a similar standard deviation and a low RMSD relative
to observations.

In this study, we use the Taylor diagram to visually display the similarities of the five MENA CORDEX sim-
ulations in relation to a reference reanalysis based on the three aforementioned statistical metrics. Model
performances are assessed in terms of temporal trends such as the spatially averaged monthly mean wind
speeds, (section 4), spatial patterns (section 5), and spatiotemporal patterns (section 6) of wind speeds.

3.2. Functional Boxplots
The functional boxplot (Sun & Genton, 2011), an extension of the classical boxplot, is an informative
exploratory tool for visualizing data that continuously vary in space and time. The classical boxplot can be cre-
ated by simply ordering one-dimensional observations from the smallest to the largest value. For functional
data, each observation is a function (e.g., a curve or an image), and all the observations are center-outward
ordered based on the concept of band depth (López-Pintado & Romo, 2009) or other notions of depth. Based
on the ranking, a functional boxplot is able to display three descriptive statistics: the median curve, the enve-
lope of the 50% central region, and the maximum nonoutlying envelope (Sun & Genton, 2011). Outliers are
detected as exceeding 1.5 times the 50% central region, similar to classical boxplots.
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In this study, we use functional boxplots to compare the spatiotemporal wind speed and WPD patterns from
both MENA CORDEX and MERRA-2, for current or future periods over the six selected regions introduced
in section 2.

3.3. Return Levels
High-speed near-surface winds can be destructive to the integrity of infrastructures (e.g., the electricity dis-
tribution networks). Therefore, an accurate assessment of extreme wind speeds is crucial for engineering and
risk management purposes (Cook, 1986; Kunz et al., 2010). In this study, we estimate the extreme wind speeds
from both MENA CORDEX and MERRA-2 based on the M-year return level, defined as an extreme event that,
on average, occurs once every M years. A detailed review of this method based on Davison and Smith (1990) is
included in the supporting information. To avoid modeling complex spatiotemporal (seasonal) patterns, we
restrict our attention to the three summer months, that is, June, July, and August (JJA), characterized by the
strongest wind regimes of the year.

3.4. Wind Power Density
The WPD is an important measure for assessing the potential of wind energy (Emeis, 2013). It is defined as

WPD = 1
2
𝜌w3

, (2)

where w is the wind speed at a given measurement height or adjusted-to-hub height (i.e., the traditional
turbine operational height that we assume to be 80 m), and 𝜌 is the air density. WPD is a measurement of the
wind power that is available per unit turbine area. There are several methods commonly used to extrapolate
near-surface wind speed measurements to the hub height. One is to use the power law method (Emeis, 2005),
which assumes that wind speed at a certain height z is approximated by

w(z) = w(zr)
(

z
zr

)𝛼

, (3)

where zr is the reference height, w(zr) is the wind speed at zr and 𝛼 is the power law exponent. In our case,
we use the reconstructed near-surface wind speeds at 10 m from both MENA CORDEX and MERRA-2 as the
reference height wind speeds and assume that 𝛼 = 1∕7, as it is appropriate over open land surfaces and used
in prior studies on wind in Saudi Arabia (Rehman et al., 2007; Tagle et al., 2017). Further, we assume that the
air density at MENA CORDEX locations situated in the neighborhood of a MERRA-2 location is equal to the air
density at this MERRA-2 location. Using the interpolated air density, we compute WPDs at the finer CORDEX
spatial resolution to investigate in more details the regional behavior of wind power potential in Saudi Arabia.
We compute projected WPDs over the period 2025–2050 (26 years) based on the interpolated air density
from the current 26-year period (i.e., 1980–2005), even though minor changes in air density might occur due
to regional warming.

4. Temporal Variability of Spatially Averaged Wind Speeds

Here we focus on the time series of spatially averaged daily wind speeds over land. To analyze the variabil-
ity in the annual cycle, we compute daily mean wind speeds (Figure S1 in the supporting information) and
monthly mean wind speeds (Figure 2a) over the 26-year period 1980–2005, from the five CORDEX runs and
three reanalysis products (i.e., MERRA, MERRA-2, and ERA-Interim). CORDEX simulations exhibit a significant
negative bias in wind speeds when compared to MERRA and ERA-Interim, but a much smaller bias when com-
pared to MERRA-2 during all months except for July and November when MERRA-2 and ERA-Interim present
comparable monthly mean wind speeds. Analyses of the regional wind speed spatial and spatiotemporal pat-
terns, shown in the next sections, also reveal that CORDEX is more similar to MERRA-2 than to ERA-Interim.
Because of the higher degree of agreement between MERRA-2 and MENA CORDEX outputs—likely as a result
of the advancements in data assimilation with respect to MERRA and ERA-Interim—we use MERRA-2 as the
reference in all our evaluation analyses. The mean of spatially averaged wind speed calculated from MERRA-2
is approximately 3.5 m/s, while the one from the five ensemble runs of MENA CORDEX varies between 2.8 m/s
and 3.1 m/s. Nevertheless, all five CORDEX simulations capture the seasonality or annual cycle patterns and
heteroskedasticity in MERRA-2, showing a higher variability of wind speeds in winter and spring than in
summer and fall.

To examine which CORDEX run performs the best against MERRA-2 mean wind speeds, we apply Taylor
diagrams to spatially averaged monthly mean and seasonal mean wind speeds from the two data sets
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Figure 2. (a) Annual cycle of monthly mean wind speed (m/s); Taylor diagrams of (b) monthly mean and (c) seasonal
mean wind speeds (m/s) from spatially averaged data for MERRA, ERA-Interim, MERRA-2, and the five CORDEX runs,
temporally averaged during 1980–2005. In the Taylor diagrams, MERRA-2 is used as the reference. (d) Interannual
and intra-annual variabilities of wind speed from MERRA-2 and the five CORDEX runs during 1980–2005. The dashed
lines represent metrics for MERRA-2. MERRA-2 = Modern Era Retrospective-Analysis for Research and Applications
version 2; CORDEX = Coordinated Regional Climate Downscaling Experiment.

(Figures 2b and 2c). In both cases, CORDEX-2 shows the highest agreement with MERRA-2, having a similar
standard deviation, the highest correlation coefficient (>0.97), and the lowest RMSD. CORDEX-2 is simulated
by applying RCA4 and is driven by the EC-EARTH model under a spatial resolution of 0.44∘ (latitude/longitude).

Wind fields fluctuate on different time scales such as daily, monthly, seasonal, and yearly. Thus, besides assess-
ing their climatology, it is also important to quantify their temporal variability. We first assess the interannual
and intra-annual variabilities of spatially averaged wind speeds from MENA CORDEX and MERRA-2 over land
areas for the period 1980–2005. The interannual variability is defined as the standard deviation of annual
mean wind speed among different years, and the intra-annual variability is defined as the standard devia-
tion of monthly mean wind speed among different months (Chen et al., 2012; Pryor, Barthelmie, & Schoof,
2012). As we can see from Figure 2d, all MENA CORDEX simulations, except for CORDEX-2, underestimate
the intra-annual (or monthly) variability, compared to MERRA-2. CORDEX-2 shows the smallest distance to
MERRA-2, which implies that it best captures MERRA-2’s temporal variability. For wind power considerations,
it is also important to reproduce the extreme winds (e.g., 95% quantile) in addition to the mean wind fields.
However, since the extreme winds present higher uncertainties and variabilities over the study region with
such a complex topography, averaging over the whole domain will neglect the significant regional variability.
In fact, the Taylor diagram of 95% quantile wind speed averaged over land areas (not reported) indicates that
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Figure 3. Difference in mean wind speed (m/s) between MERRA-2 and each of the five MENA CORDEX runs during 1980–2005. Cold colors indicate a positive
bias in the model (i.e., the mean is larger for CORDEX than for MERRA-2); warm colors show where the model is negatively biased in relation to MERRA-2. White
corresponds to 0 (i.e., no difference between MERRA-2 and CORDEX). MERRA-2 = Modern Era Retrospective-Analysis for Research and Applications version 2;
CORDEX = Coordinated Regional Climate Downscaling Experiment.

the five CORDEX runs perform almost equally poorly when comparing to MERRA-2. This issue from averaging
over space is not that severe for the monthly mean and seasonal mean wind speeds (as shown in Figures 2b
and 2c) due to the inherent seasonality of the wind climate. Instead, we have investigated the extreme winds
(1-, 5-, 10-, and 30-year return levels) over the six selected regions (see section 5) in order to examine the ability
of CORDEX runs in capturing regional extreme wind climatology.

Finally, the comparison among three different reanalysis data sets—MERRA, MERRA-2, and ERA-Interim
(Figure 2a)—also implies that the biases are more likely to be negative biases in the CORDEX model results
and that the bias is higher when comparing to ERA-Interim and MERRA than MERRA-2. A more thorough
evaluation is limited due to the lack of direct observations over the study region.

5. Spatial Variability of Wind Speed Mean, Variance, Quantiles, and Return Levels

We compute the mean, standard deviation, and quantiles of the wind speed time series from MERRA-2 and
CORDEX, for the period 1980–2005 at each location in the region of interest. The mean wind speeds are highly
consistent within the five CORDEX runs (Figure S2) and show a negative bias for all locations except for the
regions adjacent to the Red Sea. For these regions, we find the bias to be close to zero, whereas the bias is
positive over most sea areas and western Iran (Figure 3). Similar results are found for the standard deviation
(Figure S3), the median (or 50% quantile), and the 95% quantile of wind speeds (not reported).

Here again, we use the Taylor diagram to quantify the ability of each CORDEX run to capture MERRA-2 spatial
patterns. As indicated in Figure S4, the skills of the five MENA CORDEX runs in simulating MERRA-2 spatial fields
of temporally averaged mean, standard deviation, median, and 95% quantile are quite similar. Since the three
statistical metrics in the Taylor diagram provide an overall assessment of model skills at all locations within the
study region, a higher model performance over specific regions might be offset and lead to an apparent similar
performance of the five CORDEX runs in relation to MERRA-2. Therefore, we assess the model’s performance
over the six regions selected in section 2 (see Figures 4a and 4b). Although no run shows a uniformly higher
performance in capturing spatial patterns over all six regions, CORDEX-4 appears to outperform the other
runs. Specifically, CORDEX-4 has the highest skills in simulating mean wind speeds for Regions R5 and R6,
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Figure 4. Taylor diagrams for the spatial fields of (a) mean wind speeds and (b) wind speed standard deviations,
over the six selected regions (indicated as R1–R6), (c) monthly mean wind speed (with numbers indicating
the corresponding month), and (d) seasonal mean wind speed (with “wi,” “sp,” “su,” and “fa” indicating winter,
spring, summer and fall, respectively) for the five CORDEX runs (in different colors). MERRA-2 is used as the reference.
Region 2 (R2) is not shown in Figure 4b because its values are significantly different from the others. MERRA-2 = Modern
Era Retrospective-Analysis for Research and Applications version 2; CORDEX = Coordinated Regional Climate
Downscaling Experiment.

located in the east part of Saudi Arabia, and in simulating wind speed variability for Regions R2, R4, and R5,
located in the north, south, and east, respectively. We should note that CORDEX-5 has an ability to simulate
mean wind speeds for R3 (located between Yanbu and Mecca) and R4 (located east of the Asir Mountains)
that is comparable to CORDEX-4, and it outperforms CORDEX-4 in wind speed variability for R6 (located near
the Persian Gulf ). All CORDEX runs exhibit a high ability to reproduce mean wind speeds over the R3, R4, and
R5 regions located in the south. Further, they show good skills in capturing the wind speed variability for the
R1 and R5 regions located in the northwest and east, respectively. In contrast, all five CORDEX runs perform
poorly in simulating winds over R2, located in the north, near the city of Sakaka. Especially for wind speed
standard deviations over R2, they exhibit low correlation coefficients (between 0.1 and 0.2), high standard
deviation ratios, and high proportional distances of RMSDs (both are between 2 and 3) in relation to MERRA-2
(not shown in the figure). With respect to the mean wind speeds, all CORDEX runs present negative correlation
coefficients with MERRA-2 in R1 (in the northwest and close to the Red Sea) and R2 (in the north).

In our study, we also report the spatial fields of the 5-year return levels of near-surface wind speeds (Figure 5).
The 5-year return levels that are computed from MERRA-2 are higher than those computed from CORDEX sim-
ulations over most regions in Saudi Arabia, except for the costal Red Sea region. One exception is CORDEX-4,
which exhibits higher values than those from MERRA-2 in the southeast region of Saudi Arabia between the
Persian Gulf and Arabian Sea. We obtain similar results for 1-, 10-, and 30-year return levels (not shown).

To measure the degree of agreement between the five CORDEX runs and the MERRA-2 return levels, we ana-
lyze the Taylor diagrams (not shown) for their spatial fields over the land areas in the whole study domain.
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(f) CORDEX−5 5−year log return level
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Figure 5. The 5-year log return levels of wind speed (m/s) from the five CORDEX runs (b–f ) and MERRA-2 (a). MERRA-2 = Modern Era Retrospective-Analysis for
Research and Applications version 2; CORDEX = Coordinated Regional Climate Downscaling Experiment.

For the 1-, 5-, and 10-year return levels, correlation coefficients between simulations and reanalysis are ∼0.35,
standard deviation ratios are close to 1, and the proportional distances of RMSDs are between 1 and 1.5.
Although the five CORDEX runs exhibit a similar performance, CORDEX-4 shows slightly higher skills in repro-
ducing MERRA-2 return levels. The model performance worsens as the return period increases, due to a higher
uncertainty caused by a higher quantile of extreme wind speeds. We further investigate the model perfor-
mance in capturing wind speed return levels over the six regions (Figure S5). CORDEX-4 outperforms the other
runs in most cases, and the CORDEX runs have the highest skills in estimating return levels over R3, located
inland the Red Sea coast, between the cities of Yanbu and Mecca. Additionally, all CORDEX runs perform poorly
for the R2, located near the northern city of Sakaka, and for R4, located east of the Asir Mountains.

From the spatial analysis, we can conclude that the five CORDEX simulations exhibit a negative bias—relative
to MERRA-2—in mean, standard deviations, median, and 95% quantile of wind speeds, as well as the 1-, 5-,
10-, and 30-year return levels, for almost all locations in Saudi Arabia, except the region near the coastline of
the Red Sea (where it is close to zero). The bias is positive, however, for sea areas including the Red Sea, the
Persian Gulf, and the Arabian Sea. Based on the Taylor diagrams, we conclude that the five CORDEX runs have
almost the same ability to simulate wind speed spatial patterns over the whole domain of study in relation
to MERRA-2. CORDEX-4 (which is driven by the GFDL-ESM2M model under a spatial resolution of 0.22∘ lati-
tude/longitude) appears to perform slightly better than the other CORDEX runs. When considering regional
performances over the six selected regions, CORDEX-4 exhibits significantly higher skills than the other runs
in most cases, and CORDEX-5 (which is driven by the EC-EARTH model under a spatial resolution of 0.22∘ lat-
itude/longitude) presents comparable or even higher skills than CORDEX-4 in a few cases only. The higher
performance of CORDEX-4 and CORDEX-5 in capturing the spatial variability and regional behavior of wind
climatology may be the result of the applied finer spatial resolution in CORDEX-4 and CORDEX-5 than in the
other runs.

For comparison, we conduct similar analyses on the spatial fields using ERA-Interim as the reference
(the figures are not reported due to the paper length constraints). Results from these analyses indicate that the
difference (in absolute value) in mean wind speed with CORDEX is higher for ERA-Interim than for MERRA-2.
Further, the wind speed standard deviation from ERA-Interim (MERRA-2) is lower (higher) than that from the
CORDEX runs over most regions in Saudi Arabia, possibly due to the coarser spatial resolution of ERA-Interim.
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Further, the Taylor diagrams of the spatial fields of mean, standard deviation, and quantiles of wind speeds
indicate that the agreement between ERA-Interim and CORDEX is lower than the one between MERRA-2
and CORDEX.

6. Wind Spatiotemporal Patterns
6.1. Annual Cycle of Wind Speeds Over Saudi Arabia
In order to examine the similarity between CORDEX simulations and MERRA-2 in describing the spatiotem-
poral behavior of wind speeds over Saudi Arabia for the 1980–2005 period, we analyze the annual cycle and
seasonality at each location or regions of interest, instead of considering the spatial averages, as done in
section 4. We compute the monthly and seasonal mean wind speeds over 26 years, at each location, and then
use the Taylor diagram to assess the level of agreement between each of the five CORDEX runs and MERRA-2
spatial fields (Figures 4c and 4d). We find that CORDEX-4 performs the best in January, August, September, and
December, whereas CORDEX-5 performs the best in February, April, May, October, and November, and that
these two runs also outperform the other runs in March, June, and July. With respect to the seasonal mean
wind speeds, CORDEX-4 outperforms the other runs in winter and summer, while CORDEX-5 outperforms the
other runs in spring and fall. The five CORDEX runs have the highest skills during the summer months of June,
July, and August (JJA), when the correlation coefficients are between 0.5 and 0.6, the ratios of standard devi-
ations close to one, and the RMSDs relatively low. CORDEX runs exhibit lower skills in May, September, and
October, when the correlation coefficients are quite low, the standard deviation ratios far from one, or the
RMSDs high.

6.2. Temporal Wind Speed Variability Over Six Regions in Saudi Arabia
We have identified CORDEX-2 as the run with the best performance in reproducing MERRA-2 annual or sea-
sonal wind speed patterns, and CORDEX-4 as the run with the best performance in simulating MERRA-2 spatial
and regional wind speed patterns. Hence, in this section, we use CORDEX-2 and CORDEX-4 for analyzing the
temporal evolution of wind speeds over the six selected regions, using MERRA-2 as the reference. We com-
pute the monthly means of daily wind speeds for each of the 26 years over the 1980–2005 period and display
the results for the six regions using functional boxplots (Figure S6). Note that in the functional boxplot, the
central curve represents the median, the shaded band is the 50% central region envelope, the band bounded
by the outer curves is the maximum nonoutlying envelope, and the dashed curves are potential outliers. This
analysis highlights discrepancies in the annual cycle patterns, over the six regions, between MERRA-2 and
CORDEX-2/4. For example, winds in R1 (northwest and close to the Red Sea) from MERRA-2 exhibit peaks in
summer and lows in winter, a pattern also found in the R6 (north and close to the Persian Gulf ) based on
CORDEX-2/4. On the other hand, R6 from MERRA-2 shows lower seasonal fluctuations, similar to what we
obtained with CORDEX-2/4 for the R1. As for R2 (in the north), MERRA-2 shows strong winds in middle spring,
whereas CORDEX-2/4 show a peak in December (with CORDEX-4 wind speeds even higher than those from
MERRA-2 during the winter). Furthermore, CORDEX-2 and CORDEX-4 exhibit different skills with respect to
MERRA-2, in specific regions. For instance, CORDEX-2 can better capture the MERRA-2 temporal trends than
CORDEX-4 in R3 (in the west and close to the Red Sea) where winds are strongest in summer, but CORDEX-4
is able to reproduce the wind temporal variability (shown by the bandwidth of the 50% central region) of
MERRA-2 in R2 (northern region). The comparison of spatiotemporal wind patterns between CORDEX and
ERA-Interim indicates that all CORDEX runs have quite low degree of agreement with ERA-Interim, and no
run performs uniformly better than the others. Only CORDEX-2 shows higher skills in reproducing mean wind
speed over Regions 3 and 6 (figures not reported due to length constraints).

7. Wind Energy Potential in Saudi Arabia

The analyses presented in sections 4–6 show that CORDEX-4, which has higher spatial resolution, better cap-
tures MERRA-2’s wind spatial and regional patterns than CORDEX-2; however, this apparent improvement
is lost when performing spatial aggregation. Furthermore, when analyzing spatiotemporal wind speed pat-
terns, CORDEX-2 and CORDEX-4 exhibit different performances depending on the month or season of the
year and the region considered. This suggests that different CORDEX runs should be adopted to assess the
wind power potential depending on the research focus, that is, WPD temporal, spatial, or spatiotemporal pat-
terns. In this section, we compute WPDs over Saudi Arabia for the current period (i.e., 1980–2005), based on
both MERRA-2 and CORDEX-2/4 data sets to investigate whether or not the wind resource characterization
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Figure 6. Residuals of mean, median, 95% quantile, and standard deviation of WPD (W/m2) at 80 m computed from
MERRA-2 (left) and CORDEX-4 (right) using the power law method during 1980–2005. MERRA-2 = Modern Era
Retrospective-Analysis for Research and Applications version 2; CORDEX = Coordinated Regional Climate Downscaling
Experiment; WPD = wind power density.
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Figure 7. Median (the first two columns) and 95% quantile (last two columns) of log WPD (W/m2) by seasons (on different rows) for the current period
(1980–2005, first and third columns) and in the future (2025–2050, second and fourth columns) from CORDEX-4. CORDEX = Coordinated Regional Climate
Downscaling Experiment; WPD = wind power density.

shows any significant discrepancy between the two data sets. In addition, since projections are available from
MENA CORDEX for the 2006–2100 period, we compute WPDs for the future 2025–2050 period to make infer-
ence about potential changes in projected wind resources. Based on our previous findings, we use CORDEX-4
to investigate the spatial patterns of WPDs and both CORDEX-2 and CORDEX-4 to analyze the temporal vari-
ability of WPDs over the six selected regions. These analyses can be instrumental in establishing where wind
farms should be built, at present and future times when high WPDs are expected to occur.

7.1. Current and Future WPD Estimates
Since CORDEX-4 has the highest skills in simulating wind speed spatial patterns, we use its output to compute
WPDs. We first interpolate the air density variable available in MERRA-2 for the current period 1980–2005 to
the finer spatial resolution of CORDEX-4 (0.22∘ latitude/longitude), as described in section 3. Figure S7 shows
the spatial fields of the mean, median, 95% quantile, and standard deviation of WPDs at 80 m, computed from
MERRA-2 and CORDEX-4 for the period 1980–2005. WPDs computed from CORDEX-4 are generally smaller
than those derived from MERRA-2. This is because CORDEX runs have a systematic negative bias of wind
speeds, as discussed in sections 4–6. Thus, in order to identify possible discrepancies in the spatial variabilities
of WPDs only, we ignore the difference in WPD magnitude and subtract the mean over space. The resulting
residuals show a significant difference in WPD spatial variability between MERRA-2 and CORDEX-4 (Figure 6).
Results from WPD computations using MERRA-2 show an abundant wind power potential over a vast
region in the southwest, roughly bounded by longitude 41∘E–45∘E and latitude 21∘N–24∘N. In this region,
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Figure 8. Functional boxplots for the 26 time series of monthly mean WPD (W/m2) from MERRA-2 (left) and CORDEX-4 (center), in the current period
(1980–2005). The right column shows WPD from CORDEX-4 in the future period (2025–2050) for each of the six regions. The dashed lines indicate the 200 W/m2

WPD threshold. MERRA-2 = Modern Era Retrospective-Analysis for Research and Applications version 2; CORDEX = Coordinated Regional Climate Downscaling
Experiment; WPD = wind power density.

the mean WPD is ∼150 W/m2 and the 95% quantile can reach up to 500 W/m2. These values are comparable
to those obtained by Yip et al. (2016). Wind energy potential can be also found in areas adjacent to the Persian
Gulf. However, abundant wind power is identified by CORDEX-4 at only a limited number of locations, mostly
in areas close to the Red Sea.

When comparing to ERA-Interim, the residual maps of mean, median, 95% quantile, and standard deviation
of WPD (not reported), the spatial fields of ERA-Interim WPD appear quite different from those of CORDEX-4:
similar to MERRA-2, ERA-Interim exhibits high WPD over a vast area in west Saudi Arabia between Regions 3
and 4, but ERA-Interim differs more from CORDEX-4 by exhibiting high WPD over north Saudi Arabia.

We now quantify the wind energy resources in the future (years 2025–2050) to detect possible changes in
the wind power potential. In Figure 7, CORDEX-4 projections show abundant wind resources over west Saudi
Arabia between R1 and R4 in winter but only moderate resources over a vast region in the north during
spring. The areas close to the Red Sea and surrounding R3 (between Yanbu and Mecca) exhibit a high-energy
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potential in summer, and the wind resource is the least abundant in most areas during fall. Based on the 95%
quantile of WPD, however, Red Sea shores seem to have a high potential for wind energy in all seasons except
spring, during which moderate WPDs are identified mainly in the north. Wind is extremely abundant in the
northwest, between R1 and R3 (in the west and close to the Red Sea) during winter, with a 95% quantile higher
than 500 W/m2. On the other hand, only a limited number of locations in the west and close to the Red Sea
exhibit a high wind power potential during summer and fall. We also observe high WPDs in summer over R6,
which is close to the Persian Gulf. By comparing WPD maps for the current and future periods, we find that
WPD projections are highly consistent with current estimates. Hence, building wind farms at locations with
high wind power potential for both current and future wind harvesting should be strongly considered.

To analyze the temporal behavior of WPD over the six regions, we use both CORDEX-2 (Figure S8) and
CORDEX-4 (Figure 8). A threshold of 300 W/m2 (Wind Class 3) for WPD was proposed to identify sites for com-
mercial scale power production in the Regional Energy Deployment System model of the National Renewable
Energy Laboratory (Short et al., 2011). Yip et al. (2016) have adopted a lower threshold of 200 W/m2 (Wind
Class 2) to quantify wind power availability, due to the recent developments in low wind turbines. We also
indicate the 200 W/m2 threshold in Figures S8 and 8. The temporal variabilities of contemporary WPDs for
MERRA-2 and the two CORDEX runs are quite different over the selected regions. For example, in R1 (in the
northwest and close to the Red Sea), MERRA-2 shows extremely abundant wind resources in summer, but
CORDEX-2/4 only indicate moderate WPDs (all below the threshold) in this region during the entire year.
In R2 (in the north), CORDEX-2/4 show the highest WPDs during late winter and early spring, which are
usually higher than those from MERRA-2. In R6 (near the Persian Gulf ), CORDEX-2/4 show abundant wind
resources in summer, but MERRA-2 presents less volatile WPDs that are all below the threshold. Moreover,
WPDs in R4 and R5 (in the east) indicate a systematic negative bias of CORDEX-2/4 relative to MERRA-2 both
in the magnitude and temporal variabilities. In R3 (in the west and close to the Red Sea) and R5 (in the east),
MERRA-2 reveals WPD above the threshold in July, whereas CORDEX-2/4 exhibit WPDs significantly below
the threshold. High wind energy potentials in CORDEX-2/4 over their respective regions tend to persist from
current to future climates, as highlighted by the functional boxplots of current and future mean WPDs.

8. Model Biases and Performance Discrepancies

Here we investigate possible sources of model biases and discrepancies against a target and discuss the asso-
ciated implications for wind energy potential assessment. As shown in Figure 2a, the difference between
CORDEX and MERRA-2 is as large as about 10% even for the best scenario. This bias will be augmented by a
cubic growth (as shown in equation (2)) when estimating the WPD, which is not negligible.

In regional climate simulations, a regional model is often tuned to have an optimal configuration over a spe-
cific spatial domain and thus to produce the most accurate results with respect to some observed data set
(Kalognomou et al., 2013). Simulated results may be sensitive to the size and topography of the domain, the
choice of RCM, the initial conditions, the lateral boundary conditions or the choice of driving ESMs, tempo-
ral/horizontal/vertical resolutions, and physical parameterization schemes. There have been many diagnostic
studies on how these factors can introduce intermodel or intramodel variabilities as well as systematic biases
of simulated climate variables in an RCM, such as precipitation and surface temperature (see, e.g., Crétat &
Pohl, 2012; Kalognomou et al., 2013; Zittis & Hadjinicolaou, 2017). Some studies have sought to attribute
the sources of bias in wind speeds from regional climate simulations, although none of them focused on
the MENA region. Effects of initial/boundary conditions, spatial resolutions, and adopted parameterizations
on regionally simulated winds were investigated, for example, in Borge et al. (2008), Carvalho et al. (2012),
Chen et al. (2012), Pryor, Barthelmie, and Schoof (2012), Pryor, Nikulin, and Jones (2012), and Carvalho et al.
(2014). In this study, we have assessed the influence of lateral boundary conditions and spatial resolution on
wind speeds from MENA CORDEX simulations by comparing the original runs against two additional MENA
CORDEX evaluation runs driven by ERA-Interim. We have also included a comparison against ERA-Interim as
an additional reanalysis product to investigate the magnitude of the model bias. Figure S9 shows the annual
cycle of monthly mean wind speed from spatially averaged data and the temporal variabilities for MERRA,
ERA-Interim, MERRA-2, and the CORDEX runs. Figures S9a and S9b compare CORDEX runs adopting the same
spatial resolution but different boundary conditions and indicate that the magnitude of wind speeds from
CORDEX evaluation runs fluctuates more throughout the year than those from the historical runs with the
same spatial resolution. In this comparison the magnitude of the bias between CORDEX and the reanalysis
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Table 2
Percentage Biases for CORDEX-2/4 With Respect to MERRA-2 in Mean Wind Speeds During 1980– 2005, Averaged Over Each
of the Six Selected Regions

Model run Region 1 Region 2 Region 3 Region 4 Region 5 Region 6

CORDEX-2 −13.91 5.65 −1.46 −8.46 −26.06 −18.77

CORDEX-4 −11.51 8.84 −7.29 −14.39 −27.09 −19.44

products varies both depending on the driving ESM and the time of the year. Figures S9c and S9e compare
CORDEX runs driven by the same ESM but adopting different spatial resolutions. Specifically, the evaluation
run with higher spatial resolution is less biased relative to the reanalysis products throughout the year except
for July and August, but the historical run driven by EC-EARTH with higher spatial resolution (CORDEX-4) is
less biased than the run with lower spatial resolution (CORDEX-2) only in March, and the historical run driven
by GFDL-ESM2M with higher spatial resolution (CORDEX-5) is much more biased than the run with lower spa-
tial resolution (CORDEX-3) throughout the year. Also from Figures S9a–S9e, MERRA and ERA-Interim deviate
even more from the CORDEX runs, except during July and November when ERA-Interim shows comparable
monthly mean wind speeds with MERRA-2. From Figure S9f, the CORDEX evaluation run with higher spatial
resolution (CORDEX22) shows a much lower intra-annual variability compared to the run with lower spatial
resolution (CORDEX44), and the five CORDEX historical runs are more concentrated around MERRA-2 than
around ERA-Interim or MERRA, with CORDEX-2 showing the best agreement with MERRA-2. In conclusion, the
bias between MENA CORDEX simulations and the reanalysis data appears to be related to both the spatial res-
olutions applied and the driving lateral boundary conditions. Additional possible sources of model bias relate
to the RCM and specific physical scheme choices. A more thorough assessment of the sources of the bias of
simulated wind speeds over the MENA domain, which is characterized by a complex and diverse terrain and
meteorology, including extended mountainous and coastal areas, as well as wide deserts, is certainly a rele-
vant topic that will be part of future investigations in which higher-resolution simulations will be performed
(e.g., by applying the Weather Research and Forecasting model).

To compensate for the systematic model biases, different approaches could be applied depending on the
analyzed wind statistics (e.g., mean, standard deviation, high quantiles, and return periods). Further, the bias
will vary both in space and time and additional uncertainties on the corrected WPD estimates will derive
from the reanalysis products themselves. Here we investigate the spatial variability in model bias and quantify
its impact on WPD estimates. For each of the six regions, we compute the percentage biases for the mean,
standard deviation, median, and 95% quantile of wind speeds for the five CORDEX historical runs relative to
MERRA-2 over the 26 years (i.e., 1980–2005, see Figure S10 in the supporting information). The biases for the
mean wind speeds from CORDEX-2/4 are largest in regions of low winds (i.e., R5), and the absolute values of
percentage biases in regions of high wind power potential (i.e., R3 and R4) are generally within 10% (Table 2).
These results suggest that the mean WPD estimates would also be inflated should a bias correction be applied.

9. Conclusion and Discussion

Our work presents the first assessment of wind energy resources and associated spatiotemporal patterns over
the entire Arabian Peninsula, based on evaluations using regional model runs from MENA CORDEX against
the MERRA-2 reanalysis product. Results from our study indicate that the MENA CORDEX runs

1. capture the spatially averaged temporal (monthly and seasonal) patterns identified by the reanalysis data
(even though they tend to underestimate the intra-annual variability), and that the highest wind speeds
are identified during summer (when the models also have highest skills) and winter months;

2. present a systematic negative bias in reproducing the reanalysis wind speed magnitude over most of the
Arabian Peninsula with the exception of the Red Sea coastline that shows a bias close to zero;

3. indicate similar spatial patterns, although the highest agreement with reanalysis data is found when the
model is run at higher spatial resolution; and

4. identify high wind power potentials for different months or seasons depending on the region.

Saudi Arabia is characterized by regions of high WPD potential, mostly located along the Red Sea coast and
over areas in the southeast and adjacent to the Persian Gulf. However, high wind energy potential can be
also found in other regions during specific seasons. The analysis of an RCM output allows us to investigate
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possible changes in wind resources as a result of climate change. Specifically to Saudi Arabia, we establish
that, in future decades (up to 2050), based on CORDEX projections, these areas will consistently show a high
WPD and thus may be good locations for harvesting wind as a source of energy.

This work represents a first and important step toward a comprehensive and extensive quantification of wind
energy resources, based on RCM simulations, which is of particular value for countries lacking continuous,
detailed, and accessible observational data. Our study also emphasizes the potential of using such models to
infer spatiotemporal variations of wind resources under current and future climate conditions. Results from
this study suggest that current regional simulations do not accurately reproduce the magnitude of wind
speeds compared to reanalysis data, and that intermodel variability exists. A more accurate quantification of
wind resources over the Arabian Peninsula may be achieved by performing regional model simulations at
high spatial and temporal resolutions, which is part of our planned research using the Weather Research and
Forecasting model. Future investigations will be also directed to further explore sources of model variabil-
ity, including sensitivity on the adopted spatial resolution and boundary layer parameterizations that could
significantly impact near-surface wind speeds.
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