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Abstract: Exploitation of conventional energy resources has caused a deliberate increase in the
emitted carbon in the atmosphere, which catalyzes global warming trends. This is a matter of
concern, especially in Qatar, where fossil fuels (oil and gas) are largely relied upon for power
production. The dependency on such resources could be gradually reduced by utilizing clean and
renewable energy. Resource characterization is an important step to evaluate the potentiality of
available renewable energy sources. Wind energy is one among them, which has not been assessed
reliably so far in Qatar. We analyzed the wind energy potential along the onshore and offshore areas
of Qatar using 40 years (1979–2018) of hourly wind data extracted from the ECMWF Reanalysis v5
(ERA5) database. Monthly, seasonal, annual, and decadal mean wind power densities have been
derived. Reliability tests have been carried out at select onshore and offshore locations. Trends and
inter-annual variability have been assessed. The study reveals that the available wind resources are
generally moderate but consistent with no intense trends during the 40 year period. An inter-annual
variability in wind power has been identified, which has secured links with the El Niño–Southern
Oscillation (ENSO).

Keywords: wind energy; ERA5 reanalysis winds; shamal winds; ENSO; Qatar coast

1. Introduction

Conventional energy resources have been largely exploited worldwide [1]. The
environmental impact due to carbon emission is one of the major concerns when uti-
lizing such resources [2]. In addition, fuel/oil resources are gradually depleting on
account of exploitation/over-exploitation [3]. An emerging trend is the utilization of
nonconventional energy resources such as solar, wind, tides, and waves, which are
clean and renewable [4]. Electricity production in the United States from renewable
sources surpassed coal in April 2019 (https://www.eia.gov/todayinenergy/detail.php?
id=39992). Wind power is the second-most widely used renewable energy source in the
world after hydropower, accounting for 24% of the world’s electricity generation capacity
(https://www.power-technology.com/features/). Wind power can be exploited both on-
shore and offshore. The utilization of wind power is subject to its potentiality in addition
to the demand, economy, and policies. The wind energy potential has been analyzed
and implemented at a few locations around the globe. A few examples are presented
here. China holds the biggest wind energy generation capacity in the world with a pro-
duction of more than 211 GW in 2018 (https://www.nsenergybusiness.com/features/
china-wind-power-asia-pacific/). The total installed wind power capacity in the United
States is around 105 GW (https://windexchange.energy.gov/maps-data/321). The onshore
and offshore wind power capacities in the UK are around 13.6 and 8.4 GW, respectively
(https://www.renewableuk.com). The wind power capacity from installations in India is
around 4.6 GW [5].
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Accurate assessment of wind energy potential is a pre-requisite for planning and
execution of wind power generation. Measured, satellite, or re-analysis winds are com-
monly used for such an assessment [6,7]. Long-term hindcast/forecast winds from global
re-analysis products are considered reliable sources for wind power assessment [8], and
adequate enough when the measured or satellite observations are sparse in a particular re-
gion. A few examples of such winds are: Climate Forecast System Reanalysis (CFSR) [9,10],
Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-
2) [11], and European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis
(ERA) products such as ERA40 [12], ERA-Interim [13], and ERA5 [14]. These re-analysis
wind data are subject to statistical corrections by assimilating extensive sets of in situ and
scatterometer winds into their model outputs [15]. In addition, site-specific validations are
commonly carried out prior to wind power assessments. The ERA5 is the latest update of
the ERA series, which has been used in wind climate and wind power assessments [16–19];
ERA5 winds have lower uncertainty and minimal errors than the other reanalysis winds
when compared with measurements [20,21].

A better understanding of wind climate in a particular region is essential in prejudicing
the feasibility of a resource assessment. In this study, our focus is on the onshore and
offshore regions of Qatar (Figure 1), situated on the central Arabian/Persian Gulf (hereafter
called “Gulf”). The predominant winds over the Gulf are northwesterlies throughout the
year [22], and often dominated by shamal winds [23,24]. The shamal winds are the stronger
northwesterly or northerly wind events, which occur during summer and winter [25].
Southerly or southeasterly winds are often found in the Gulf, especially during winter [22].
The shamal wind speeds in the northern Gulf are higher during summer than winter,
while the central and southern Gulf experience the opposite [26]. The winter mean wind
speed is higher in the central Gulf, of the order of 5.9 m/s, whereas the summer mean
wind speed is higher in the northern Gulf, of the order of 4.9 m/s. The variability in wind
speed is high in the southern/eastern Gulf followed by the central Gulf and the northern
Gulf. The wind variability in Qatar is composed of regional wind systems, as well as the
sea/land-breezes [27]. The sea/land-breezes prevail only when the regional wind systems
weaken, and it is more pronounced during summer than winter [28]. The wind direction
is predominantly northwest and north-northwest in Qatar. The annual mean wind speed
varies between 3.0 and 5.0 m/s, whereas the 95th percentile wind speed is between 8.0 and
12.0 m/s [29].

Wind energy resources were assessed worldwide. A few examples from the adjacent
regions are: Mediterranean Sea (100–500 W/m2) [30–32], terrestrial area of Turkey (50–
100 W/m2) [33], Arabian Peninsula (50–200 W/m2) [34], and Kuwait (100–300 W/m2) [35].
Wind energy potential was found to be moderate (180 W/m2) to high (>400 W/m2) along
the Egyptian coast at different stations, calculated at a height of 50–70 m, with high wind
power during summer [36]. The estimated annual mean wind power in the Red Sea was
high (up to 500 W/m2) in the central area due to Tokar gap winds, while it was moderate
(100–300 W/m2) along the coastal belt of Saudi Arabia, at a hub height of 80 m [37]. The
western mountains of Saudi Arabia experience abundant wind resource potential compared
to the Red Sea coastal areas [34]. In Kuwait, the peak wind power density is found along
the coastal region during summer [35]. The calculated annual mean wind power in the
Gulf was high in the central region, north of Qatar, of the order of 300 W/m2 at a hub
height of 50 m [38]. The winds in the Gulf are predominantly northwesterlies [39], with
the highest wind speeds associated with shamal events, having a typical periodicity of
2–5 days [40]. The winter shamal winds are relatively stronger than the summer shamal
winds [41]. The wind resource is more variable over the Gulf coast, compared to the Red
Sea. Assessment of wind resource in the Gulf as a whole indicates that it is possible to
produce a power of over 3000 GWh per year [42].
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Figure 1. Study domain. Filled circles in red indicate the locations chosen for the wind resource assessment and those in
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There are a few studies highlighting the wind energy resources and their feasibility in
Qatar, and energy assessment has been carried out for a few locations based on the available
measured data. The first attempt was made in 1990 based on the monthly averaged winds
measured at Doha at a height of 10 m above ground level, and extrapolated to a height
of 25 m [43]. Subsequent assessments were carried out using measured winds at Doha
International Airport extrapolated to 20 m height, as well as at Halul Island [44]. These
assessments covered only the central eastern coast of Qatar, and the data were limited to
short-term measurements (25 years at the onshore location and just 1 year at the offshore
location). The above onshore estimate at Doha is adequate for a useful assessment, but
installation of a wind farm in a highly urbanized region is uncertain. Furthermore, the wind
power estimated at Doha offshore needs to be reconsidered as that assessment was based
on short-term measurements, and likely to be underestimated. Subsequently, a preliminary
resource assessment study has been conducted recently in the context of a proposed wind
farm near a natural gas processing plant on the northeast coast of Qatar based on two years
of measurements (extrapolated to 130 m hub height) [45]. Although qualitatively agreeable,
these assessments lack the treatment of uncertainties arising due to long-term variability as
the duration of measured data is very short. Within these limitations, they identified that a
plant can produce a wind power of 17 MW in this region, and that would save 6.813 tons
of CO2 and reduce the natural oil and gas consumption to a good extent.

The literature review shows the following gaps in the existing studies related to Qatar:
(i) Earlier assessments were made only at a few locations based on short-term datasets, and
hence, long-term datasets at a number of onshore and offshore locations are required to
efficiently evaluate the wind resources, (ii) the spatial distribution of wind power within the
exclusive economic zone (EEZ) of Qatar was not analyzed, and (iii) the effect of temporal
variability and long-term trends in wind resource characterization were not treated, which
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is important to understand the role of climatic indices in the wind power variability
and also to test the reliability of the wind power resource estimations. Hence, a proper
assessment of wind power densities for Qatar, including onshore and offshore locations,
will enable the identification of potential resource regions for efficiently executing the wind
turbine generators (WTG) for power production. The rapid changes in the urbanization
of Qatar and the associated sustainable developments demand implementation of such
alternative energy productions. In this context, the present study was taken up with the
aim to investigate the wind power resources of Qatar at eight select onshore and offshore
locations using 40 years of re-analyzed ERA5 winds, and to resolve the existing gaps in
the assessment.

The paper is organized as follows: The area of study and geographical features are
detailed in Section 2; the data used and the methods adopted are given in Section 3;
Section 4 describes the main results and the discussions, and it is divided into five subsec-
tions, describing wind climate, annual and decadal wind power, inter-annual variability in
wind power, seasonal wind power, and monthly wind power; Section 5 summarizes the
main interpretations.

2. Area of Study

Qatar is situated in the Gulf, between 24◦00′ N, 50◦30′ E and 26◦00′ N, 51◦31′ E. It
covers an area of ~11,600 km2 (Figure 1). It is a relatively flat peninsula with natural
topography that varies from 5 to 103 m above mean sea level (MSL). The north-to-south
length of the Qatar peninsula is about 160 km. The length of coastline is about 700 km,
extending from the Salwa Bay at the border of Saudi Arabia to the border of the United
Arab Emirates. The exclusive economic zone (EEZ) of Qatar is approximately 35,000 km2

with an average water depth of 35 m. The EEZ extends about 176 km seaward to the
east and about 94 km to the north [46]. Qatar experiences an extreme humid and hot
climate during summer and dry and cold climate during winter. It often experiences
the shamal winds and dust storms. Significant warming has been identified in Qatar in
recent decades [47]. In winter, shamal winds are dominant, which are considered as one
among the extremes in the region [48]. In summer, the wind conditions are controlled
by the prevailing regional and local climate systems. Summer shamal winds blow quite
frequently, which brings dust from the northern parts of the Arabian Peninsula [23].

Four offshore and four onshore locations, representing the southeast, southwest,
central east, north, and northeast regions of Qatar, were considered for site-specific resource
assessment of wind energy extraction. The onshore locations are Mesaieed, Al Khor, and
Dukhan. The offshore regions are off Doha, off Ras Laffan, off Al Ruwais, and off Dukhan.
Doha, the capital city of Qatar, is situated on the central east coast, adjacent to the Doha Bay.
The Mesaieed is an industrial area in the southeast part of Qatar, about 45 km south of Doha.
Mesaieed Port located in the natural bay is the premier Port of Qatar, providing services
to petrochemical industries, metallurgical plants, and construction-related industries. Al
Khor is on the northeast coast, which is one of the major cities of Qatar, situated around
50 km north of Doha. Ras Laffan, located 80 km north of Doha, is an industrial city on the
northeast coast of Qatar, developed and operated for the production of natural gas and its
derivatives. Al Ruwais is on the northern tip of Qatar facing the central Gulf. It is about
127 km from Doha and holds Al Ruwais Port, which is the second-most important port in
Qatar. Dukhan is on the west coast of Qatar, situated about 80 km west of Doha, known for
its oil and natural gas reservoir.

3. Data and Methods

ERA5 is the updated reanalysis product of the European Centre for Medium-range
Weather Forecasts (ECMWF), which provides hourly estimates of a large number of at-
mospheric, land, and oceanic climate variables (https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5). It covers the Earth on a 30 km grid and resolves the
atmosphere using 137 levels from the surface up to a height of 80 km. It includes infor-

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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mation about uncertainties for all variables at reduced spatial and temporal resolutions.
In the ERA5 reanalysis winds, the scatterometer and in situ wind data are assimilated to
improve the accuracy of predictions; thus, the long-term and short-term variabilities are
reasonably well-captured [15]. The ERA5 winds are applied for wind climate studies [49],
wind power assessments [21], and forcing the hydrodynamic and wave models [50]. In
this study, we used the ERA5 surface winds of 40 years (1979–2018) for the assessment of
wind power potential along the onshore and offshore locations of Qatar. This is a long-term
dataset, useful for the evaluation of wind power resources as the long-term variability
can be treated well. The ERA5 winds were validated with measurements in the Gulf, and
a correlation coefficient of 0.95 and bias of 0.07 were obtained [51]. A few recent works
utilized ERA5 winds for the wind climate and energy assessment studies [8,16,51].

The ERA5 winds have been compared with the measured winds (at 10 m height) at
Doha Airport (Figure 1) obtained from the Qatar Meteorology Department (QMD) website,
which are available for every 1 h on a daily basis. We used the data during Dec 2019 to
April 2020 for validation (Figure 2). The wind speeds are given in integers such as 5 knots,
6 knots, etc., which has been converted to m/s. The wind direction is given with 22.5◦

spacing (like NNE, NE, ENE, etc.). Within the limitations of available measured data,
ERA5 winds give a reasonable match with the measured winds. The correlation coefficient
between the measured and ERA5 wind speeds is 0.78, bias 1.30 m/s, and RMSE 2.22 m/s
(17.2% with the maximum wind speed). There is a relatively wider scatter between the
measured and ERA5 wind speeds and directions, which are due to numerical limitations in
the measured data availability (in the website) and also coarser spatial resolution (0.25◦ ×
0.25◦) of the ERA5 data. Moreover, the measurement location is at the land–sea boundary
and the data are subject to terrain effects, whereas the ERA5 data mostly represent the
sea conditions.

Wind power assessments are commonly carried out at various hub heights (50, 70, 90,
120 m, etc.) and most of the wind resource characterizations are based on winds that are
reconstructed from the 10 m height, assuming neutral stability conditions (e.g., [8,34,37]).
In the present study, we applied a hub height of 90 m as a reference for the wind power as-
sessment, targeting the 2.1 MW WTG such as Suzlon S97 (https://www.suzlon.com/in-en/
energy-solutions/). Hence, the wind speeds at 10 m height (U10) have been reconstructed
to 90 m height (U90) using a logarithmic wind profile [52].

U(z) =
U∗
κ

ln
Z
Z0

where U(z) is the wind speed at a height (Z = 90 m), U∗ is the surface friction velocity
derived from U10, Z0 is the aerodynamic roughness length (=0.005 assuming a smooth
surface), and κ = 0.4 is the von Karman constant. The selected onshore regions are basically
flat terrains with a negligible amount of vegetation or obstruction. Hence, we used a similar
roughness length for both offshore and onshore areas.

The wind power generation capacity is generally determined by the annual mean
wind speeds derived from time series data or by their probability distributions. In a few
studies, the wind power potential was estimated using the probability distributions such
as Weibull, Rayleigh, and log-normal distributions [53–56]. These distributions have also
proved effective in the wind power generation. The typical cut-in wind speed for the
generation of wind power in a small turbine is 3.5 m/s, and at least 2 m/s wind speed is
required to start rotating the turbines. The wind power generators are generally designed
for maximum wind speeds, of the order of 10–15 m/s [57]. The cut-out speed for most
of the turbines is 25 m/s [58]. Recently, slow-wind-speed wind turbines have also been
designed [59–61], and their efficiency in low wind speeds (~3 m/s) is better than those
designed for moderate or strong winds. Effective operation of wind turbines and the
forecast of wind power outputs can be achieved using ARIMA–GARCH(-M) approach-
based models, which can predict both the mean and volatility of wind speed [62].

https://www.suzlon.com/in-en/energy-solutions/
https://www.suzlon.com/in-en/energy-solutions/
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The wind power density is the number of watts of electrical energy produced per
square meter of air space (W/m2), computed using the following equation:

PA =
1
2

ρV3

where ρ is the air density and V is the wind speed. The air density could be variable,
depending on the variations in temperature and pressure in different time spans (diurnal
to seasonal). This may have certain impacts on the wind power estimations [63]. Moreover,
accurate representation of air density variation is often difficult to obtain due to insufficient
data, especially when a longer historical period is taken into account. Thus, we used ρ =
1.225 kg/m3, the standard air density in the estimations of wind power. The wind power
density is an independent estimation, irrespective of the turbine features. For actual power
production, the mechanics of the flow passing through the blades and the efficiency of the
generator must be taken into account [36].

In the present study, the time series of wind power densities of Qatar has been
calculated using 40 years (1979–2018) of hourly wind data extracted from ERA5. This
has been processed to derive the statistics of the wind power densities for each month,
season, year, decade, and the 40 year period. The spatial distributions of annual, decadal,
inter-annual, seasonal, and monthly mean and standard deviations have been computed.
These have been analyzed for site-specific locations. The trends have been evaluated using
the Sen’s slope estimate [64,65].
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The resource variability and effectiveness have been analyzed by estimating the
standard deviation (SD), coefficient of variation (CoV), skewness (Sk), kurtosis (K), and
variability indices such as annual variability index (AVI), seasonal variability index (SVI),
and monthly variability index (MVI). The SD is expressed as:

σ =

√
(xi − µ)2

N

where xi is the value of the variable in each time step, µ is the mean of the variable, and N
is the total number of timestep.

CoV is used to evaluate the dispersion of wind power distributions around their mean
values [66]. It is the ratio of the SD to the mean.

The Sk and K are expressed as:

Sk =
N−1 ∑N

i=1(xi − µ)3

σ3

K =
N−1 ∑N

i=1(xi − µ)4

σ4

The AVI/SVI/MVI is the difference of mean values between the most energetic
and least energetic years/seasons/months divided by the annual mean for the years in
consideration [67].

AVI =
PY max − PY min

PY

SVI =
PS max − PS min

PY

MVI =
PM max − PM min

PY

where PY max is the maximum annual mean power densities, PY min is the minimum annual
mean power densities, PS max is the maximum seasonal mean power densities, PS min is the
minimum seasonal mean power densities, PM max is the maximum monthly mean power
densities, PM min is the minimum monthly mean power densities, and PY is the mean power
density considering the entire duration.

4. Results and Discussion
4.1. Wind Climate

The wind climate at 90 m height during the 40 year period (1979–2018) has been
analyzed. The 90 m height chosen for the wind climate analysis is to align it with the
height chosen for the wind power estimations. The wind rose indicates that the dominant
winds around Qatar are from the WNW-NNE directional sector (Figure 3). Around 55%
(Mesaieed onshore) to 66% (offshore Ruwais) of winds are from the above directional sector.
Winds due to land/sea breezes and other local wind systems are also present in reasonable
quantities in other directions. The wind patterns are similar along the east and north
coasts, but marginally different along the west coast (e.g., at Dukhan) with a deviation of
≈20◦ in the dominant patterns by the influence of regional orography such as the presence
of Bahrain Island and an extended bay along the southwest corner of Qatar (the Salwa
Bay). The offshore wind speeds are generally higher than the onshore wind speeds. The
wind speeds are higher in the northern regions such as Ruwais offshore, which has a high
exposure to shamal winds, being part of the central Gulf. Around 2–4% of winds in the
onshore regions and 3–7% of winds in the offshore regions have magnitudes greater than
10 m/s.



Energies 2021, 14, 1178 8 of 21

Energies 2020, 13, x FOR PEER REVIEW 8 of 23 

 

where   is the maximum annual mean power densities,   is the minimum annual mean 
power densities,   is the maximum seasonal mean power densities,   is the minimum 
seasonal mean power densities,   is the maximum monthly mean power densities,   is 
the minimum monthly mean power densities, and  is the mean power density considering the 
entire duration. 

4. Results and Discussion 

4.1. Wind Climate 

The wind climate at 90 m height during the 40 year period (1979–2018) has been analyzed. The 
90 m height chosen for the wind climate analysis is to align it with the height chosen for the wind 
power estimations. The wind rose indicates that the dominant winds around Qatar are from the 
WNW-NNE directional sector (Figure 3). Around 55% (Mesaieed onshore) to 66% (offshore Ruwais) 
of winds are from the above directional sector. Winds due to land/sea breezes and other local wind 
systems are also present in reasonable quantities in other directions. The wind patterns are similar 
along the east and north coasts, but marginally different along the west coast (e.g., at Dukhan) with 
a deviation of ≈20° in the dominant patterns by the influence of regional orography such as the 
presence of Bahrain Island and an extended bay along the southwest corner of Qatar (the Salwa Bay). 
The offshore wind speeds are generally higher than the onshore wind speeds. The wind speeds are 
higher in the northern regions such as Ruwais offshore, which has a high exposure to shamal winds, 
being part of the central Gulf. Around 2–4% of winds in the onshore regions and 3–7% of winds in 
the offshore regions have magnitudes greater than 10 m/s. 

 
Figure 3. Wind rose at 90 m height during 1979–2018 at select (a) onshore and (b) offshore locations. 

The onshore wind speeds at Mesaieed are relatively small (mean and maximum wind speeds 
are 4.6 and 15.4 m/s, respectively) compared to other locations (Table 1). The highest wind speeds are 
found at Ruwais offshore, where mean and maximum wind speeds are 5.5 and 16.9 m/s, respectively. 
The range of mean wind speeds obtained in the onshore and offshore regions of Qatar (4.6–5.5 m/s) 
is adequate to operate wind power turbines for successful electricity production [44,45]. The majority 
of wind farms around the globe operate the plants with annual mean wind speeds in the range of 5–
8 m/s [68]. For example, the wind farms of Italy and the Adriatic Sea are characterized by the 
exploitable mean wind speeds of 5–6 m/s [69]. However, the exploitable wind speeds are generally 
between 3 and 25 m/s based on the wind turbine designs established worldwide [70]. Based on this 
criterion, we find that the occurrences of exploitable wind speeds at the onshore and offshore 

Figure 3. Wind rose at 90 m height during 1979–2018 at select (a) onshore and (b) offshore locations.

The onshore wind speeds at Mesaieed are relatively small (mean and maximum wind
speeds are 4.6 and 15.4 m/s, respectively) compared to other locations (Table 1). The highest
wind speeds are found at Ruwais offshore, where mean and maximum wind speeds are
5.5 and 16.9 m/s, respectively. The range of mean wind speeds obtained in the onshore
and offshore regions of Qatar (4.6–5.5 m/s) is adequate to operate wind power turbines
for successful electricity production [44,45]. The majority of wind farms around the globe
operate the plants with annual mean wind speeds in the range of 5–8 m/s [68]. For example,
the wind farms of Italy and the Adriatic Sea are characterized by the exploitable mean
wind speeds of 5–6 m/s [69]. However, the exploitable wind speeds are generally between
3 and 25 m/s based on the wind turbine designs established worldwide [70]. Based on
this criterion, we find that the occurrences of exploitable wind speeds at the onshore and
offshore locations of Qatar are 74–78% and 77–79%, respectively (Table 1). This is a good
estimate and consistent with the occurrences of exploitable wind speeds in the Red Sea [37].

Table 1. Wind speed statistics at onshore and offshore locations during 1979–2018.

Region Locations

Geographical
Co-Ordinates Wind Speed (m/s) % of

Exploitable
Wind
Speed

Longitude
(◦ E)

Latitude
(◦ N) Maximum Mean Standard

Deviation

Onshore

Mesaieed 51.5828 25.0444 15.4 4.6 2.3 73.9
Al Khor 51.4394 25.7534 16.2 5.1 2.6 77.1

Al Ruwais 51.2202 26.0690 15.9 4.9 2.5 74.7
Dukhan 50.8398 25.3355 15.7 4.9 2.4 77.5

Offshore

Doha 51.7970 25.2755 15.5 5.1 2.5 78.5
Ras Laffan 51.6146 26.0131 16.5 5.2 2.7 76.5
Al Ruwais 51.2992 26.2822 16.9 5.5 2.8 78.4

Dukhan 50.7251 25.4767 16.1 5.0 2.4 78.2

The monthly mean wind speeds at the onshore locations are smaller than those at the
offshore locations; however, the pattern of variation is nearly the same (Figure 4) because
of no major uneven terrain features and the proximity to the locations. The wind speeds
during February and June are highly influenced by the winter shamal and summer shamal
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winds, respectively, and this is evident from the peaks observed. This is consistent with
earlier observations in the central Gulf [26]. In the onshore regions of east and north coasts
of Qatar, the highest monthly mean wind speed is estimated during June, whereas in
the onshore region of the west coast (Dukhan), the highest monthly mean wind speed is
estimated during February. However, the differences in magnitudes during February, as
well as June, at all the onshore locations are marginal. Similar features have been observed
at the offshore locations, except at Al Ruwais. This indicates that winter and summer
shamals during February and June, respectively, equally dominate most parts of Qatar,
except offshore regions of the north, where the winter shamal exhibits a clear dominance
over the summer shamal. This substantiates the view of earlier studies [24,26,51] that
the winter shamal winds affect the central regions of the Gulf compared to other parts,
while the summer shamal winds significantly affect the northwest regions including the
desert areas. The monthly mean patterns of wind speeds onshore and offshore of Qatar are
consistent with those derived within the EEZ or adjacent regions in the Gulf using ERA-
Interim winds [26]. However, it differs marginally in magnitude due to (i) the difference
in the hub height in consideration and (ii) the under-estimation of ERA-Interim winds
compared to ERA5 winds because of the coarser temporal and spatial resolutions.Energies 2020, 13, x FOR PEER REVIEW 10 of 23 
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4.2. The Annual and Decadal Wind Power

The 40 year mean wind power density estimated at 90 m height indicates that the
mean power density is maximum in the north and northeast regions off Qatar, reaching up
to 250 W/m2 (Figure 5a). The SD is higher than the mean (up to 330 W/m2), indicating a
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higher variability in wind power during the 40 year period (Figure 5b). The mean wind
power densities in the offshore regions are relatively higher than those in the onshore
regions (Figure 5c). These are consistent with the mean wind power estimated along the
coastal regions of a few marginal seas and along the Indian coasts [16,71].Energies 2020, 13, x FOR PEER REVIEW 11 of 23 
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More specifically, the mean wind power densities in the offshore regions of Al Ruwais,
Ras Laffan, Doha, and Dukhan are 186, 165, 147, and 136 W/m2, respectively (Table 2). The
mean wind power densities in the onshore regions of Al Khor, Al Ruwais, Dukhan, and
Mesaieed are 147, 137, 127, and 107 W/m2, respectively. There is a large difference in wind
power between the onshore and offshore locations of Al Ruwais, while the difference is
small between the onshore and offshore locations of Al Khor. This is because the northern
offshore region of Qatar EEZ is relatively wider and experiences higher wind speeds
(especially during shamal events).

The maximum hourly wind power densities estimated from the time-series (not shown)
during the 40 year period at the offshore locations are as follows: Al Ruwais, 2960 W/m2 (13
January 1998); Ras Laffan, 2784 W/m2 (3 February 2017); Dukhan, 2548 W/m2 (13 January
1998); and Doha, 2273 W/m2 (3 February 2017). The maximum hourly wind power densities
estimated at the onshore locations are as follows: Al Khor, 2604 W/m2 (3 February 2017); Al
Ruwais, 2467 W/m2 (3 February 2017); Dukhan, 2379 W/m2 (18 March 1998); and Mesaieed,
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2250 W/m2 (1 April 2015). If we refer to the dates given in the brackets, it is evident that
the wind power of these magnitudes has been achieved due to the northwesterly extreme
shamal winds occurring in the Gulf during winter. The date of occurrence of maximum
values is different at these locations because of the spatial variability within the boundaries
of Qatar, although the area bounded is relatively small.

Table 2. Statistics of wind power density at onshore and offshore locations of Qatar for the period 1979–2018.

Region Statistics of Wind Power Density

Locations Mean (W/m2) Max
(W/m2) SD (W/m2) CoV Sk K

Onshore

Mesaieed 107.4 2249.6 158.5 1.48 3.18 17.30
Al Khor 147.3 2604.2 202.6 1.38 2.52 11.43

Al Ruwais 137.3 2467.1 192.0 1.40 2.57 11.93
Dukhan 126.5 2378.5 173.3 1.37 2.75 13.48

Offshore

Doha 146.7 2273.1 199.2 1.36 2.55 11.62
Ras Laffan 165.3 2783.8 224.7 1.36 2.32 9.84
Al Ruwais 186.4 2960.3 245.4 1.32 2.22 9.42

Dukhan 136.1 2547.7 183.1 1.35 2.61 12.31

The SD of wind power is higher than the mean values in all the locations. This
indicates that the relative variation (with respect to mean values) of wind power is higher.
Such variations are expected in a long-term data set. The maximum and minimum values
of SDs are 245 and 159 W/m2 at offshore Ruwais and onshore Mesaieed, respectively. The
CoV is relatively higher at the onshore regions (1.37–1.48) than at the offshore regions
(1.32–1.36) of Qatar. These values are generally small, which are consistent with the CoV
derived along the Romanian coast, Sea of Azov, and across Europe [66,71]. The low CoV
indicates a stable environment, favorable for wind power extraction. It means that the
impact of wind variability on the electric power grid is low, and thus, the cost involved in
power generation and distribution can be optimized [72].

Sk and K represent the higher moments of wind power, and they are useful to evaluate
the existence and frequency of extremes. Higher values of Sk and K indicate the prevalence
of unstable behavior. The Sk values at the onshore regions of Qatar vary from 2.5 to 3.2,
while those at the offshore regions vary from 2.2 to 2.6. Similarly, K values at the onshore
regions vary from 11.4 to 17.3, while those at the offshore regions vary from 9.4 to 12.3. In
general, the Sk and K values are small, and this indicates that the occurrence of extremes is
very rare and the magnitude of the strong wind events is relatively small. The accuracy
of the statistical values is proved by the fact that no extreme events (in this case, tropical
cyclones) have been recorded, not even in the 40 year period in consideration; the first
known storm that entered the Gulf was during October 1948 [73].

The decadal mean wind power densities show that there is no significant variation
in mean wind power among the four decades (Figure 6). This indicates that available
decadal wind power is nearly consistent throughout the period, although smaller temporal
scale variations such as seasonal and inter-annual variabilities may exist in this region.
The maximum decadal mean wind power density onshore is at Al Khor (146–151 W/m2),
whereas that offshore is at Al Ruwais (180–191 W/m2). The onshore Mesaieed receives the
lowest wind energy potential among the selected locations.
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4.3. Inter-Annual Variability and Trends

The annual mean wind power densities at onshore and offshore locations for each
year have been estimated (Figure 7). The maximum annual mean wind power is found to
be in 2011, while the minimum is during 2010. The years 2010 and 2011 are considered the
years of largest variations in wind power. Inter-annual variability is evident throughout
the study period, which is primarily contributed by the climate indices, especially the El
Niño Southern Oscillation (ENSO). The annual variation in wind power at onshore and
offshore locations of Qatar has an inverse relationship with the Multivariate ENSO Index
(MEI). MEI is a method used to characterize the intensity of ENSO events through historical
analysis. It combines both oceanic and atmospheric variables and facilitates a single index
assessment of ENSO. A higher positive MEI indicates a warm phase of ENSO (El Niño) and
a lower negative MEI indicates a cool phase of ENSO (La Niña). The estimated wind power
at the onshore and offshore locations of Qatar has reduced during the strongest El Niño
events (e.g., 1982–1983, 1997–1998, and 2015–2016), and increased during the strongest
La Niña events (e.g., 1988–1989, 1999–2000, and 2010–2011). This is consistent with the
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modulation of wind speeds with ENSO and Indian Ocean Dipole (IOD) identified during
winter along the inland areas of the United Arab Emirates, an adjacent region of Qatar [74].
Similar variabilities have been observed in the Red Sea as well [75]. In addition, the shamal
winds in the Middle East have shown significant modifications, i.e., an early onset and
termination, during La Niña events [23].
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The highest and lowest annual mean wind power densities and their variations at
the onshore and offshore locations of Qatar are given in Table 3. Offshore of Al Ruwais,
the highest annual mean wind power is exhibited, while onshore of Mesaieed, the lowest
annual mean wind power is shown. The percentage of variations (with respect to the lowest
annual mean) is in the range of 38–47% along these locations with the maximum variation
in onshore Al Khor and offshore Ras Laffan and the minimum in onshore Dukhan.

Despite the strong inter-annual variability, the trend estimations of wind power
densities give weak positive and negative trends at the onshore and offshore locations
of Qatar (Figure 7 and Table 4). The increment in annual mean wind power density at
the onshore locations is within −0.08–0.08%, while that at the offshore locations is within
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−0.15%–0.02%. The decreasing trends are in the north and northeast regions of Qatar,
while the remaining areas of Qatar show increasing trends.

Table 3. The variations in annual mean wind power during 1979–2018 at select onshore and offshore locations.

Region Locations
Annual Mean Wind Power (W/m2) during 1979–2018

% of Variation
Highest Lowest Highest-Lowest

Onshore

Mesaieed 129.1 90.0 39.1 43.4
Al Khor 171.8 117.0 54.8 46.8

Al Ruwais 157.0 110.7 46.3 41.8
Dukhan 146.6 105.6 41.0 38.8

Offshore

Doha 174.0 119.2 54.8 46.0
Ras Laffan 190.7 130.1 60.6 46.6
Al Ruwais 212.2 146.8 65.4 44.6

Dukhan 156.9 113.4 43.5 38.4

Table 4. The variations in mean wind power during 1979–2018 at onshore and offshore locations.

Region Locations
Mean Wind Power

during 1979
Increment in Mean Wind Power (W/m2) Annual% of

Increment1979–2018 (40
Years) Annual Rate of Increment

Onshore

Mesaieed 105.65 +3.46 +0.086 +0.08
Al Khor 148.58 −2.76 −0.069 −0.05

Al Ruwais 139.58 −4.61 −0.115 −0.08
Dukhan 125.11 +2.77 +0.069 +0.06

Offshore

Doha 145.92 +1.35 +0.034 +0.02
Ras Laffan 168.84 −7.10 −0.177 −0.11
Al Ruwais 192.23 −11.57 −0.289 −0.15

Dukhan 136.24 −0.23 −0.006 0.00

The AVI, SVI, and MVI can give more highlights on the resource variability. The
sites with moderate resources with less variability may be more effective than those sites
with higher resources with high variability [71]. The AVI, SVI, and MVI estimated at
the select onshore and offshore locations of Qatar are presented in Table 5. The AVI
is in the range of 0.32–0.37 at onshore and offshore locations, which is relatively low,
indicating that the variability in annual mean wind power in Qatar is minimum. This
is favorable for the installation of power plants in Qatar, considering other design and
environmental parameters.

Table 5. Variability indices of wind power densities at onshore and offshore locations.

Region Locations Annual Variability Index Seasonal Variability
Index

Monthly Variability
Index

Onshore

Mesaieed 0.36 0.22 1.07
Al Khor 0.37 0.33 0.98

Al Ruwais 0.34 0.23 1.04
Dukhan 0.32 0.37 0.81

Offshore

Doha 0.37 0.36 0.94
Ras Laffan 0.37 0.34 0.99
Al Ruwais 0.35 0.42 1.00

Dukhan 0.32 0.46 0.87
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4.4. Seasonal Mean Wind Power

The seasonal mean wind power densities and standard deviations during May–
October (summer) and November–April (winter) have been estimated for the 40 year
period (Figure 8). The summer mean wind power is up to 200 W/m2 in the northernmost
region of the EEZ of Qatar, where the standard deviation is up to 280 W/m2. The winter
mean wind power is up to 320 W/m2 near the north and northeast boundaries of the
EEZ of Qatar, where the standard deviation is up to 380 W/m2. The lowest values during
summer and winter are in the southern onshore and offshore areas of Qatar. The winter
generates higher wind power than the summer, which is due to the dominance of winter
shamal winds. The wind power density during winter is 25–45% higher than that during
summer at onshore locations and 40–60% at offshore locations. The offshore wind power
in Qatar is the highest during winter than summer, which is in contrast with that observed
along the coast of Kuwait [35]. This is primarily because of the distinction between the
winter shamal and summer shamal winds, in which the latter has more influence on the
Peninsula than the Gulf. The coast of Kuwait is in close proximity to the desert winds.
Similarly, the southern region (land areas) of Qatar has relatively high wind power during
summer than winter.
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Figure 9 shows the seasonal mean wind power at select onshore and offshore locations.
The southern onshore areas (Mesaieed and Dukhan) reflect mean wind power densities
of 96–104 and 120–150 W/m2 during summer and winter, respectively. The north and
northeast onshore areas (Al Ruwais and Al Khor) have mean wind power densities of
122–124 and 154–172 W/m2 during summer and winter, respectively. The southern offshore
region (Dukhan) has mean wind power densities of 105 and 168 W/m2, while the central
offshore region (Doha) reflects mean wind power densities of 121 and 174 W/m2 during
summer and winter, respectively. The northeast and north offshore regions (Ras Laffan
and Al Ruwais) have mean wind power densities of 138–194 and 148–226 W/m2 during
summer and winter, respectively.
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The SVI at onshore locations is in the range 0.22–0.37, whereas that at offshore locations
is in the range of 0.34–0.46 (Table 5). These values are relatively low compared to the SVI
estimated at the coastal regions of the Black Sea and Sea of Azov [71] because of the
relatively low variability in the regional wind systems in the Gulf across the seasons and
due to the absence of tropical cyclones.

4.5. Monthly Mean Wind Power

The estimated monthly mean wind power densities show that the highest wind power
within the EEZ of Qatar (especially offshore) occurred during February, around 400 W/m2

at the northernmost region (Figure 10). The wind climate studies have already reported
that the strongest shamal winds in the region occurred during February, while the number
of occurrences was high in January [48,76]. Hence, there is a direct correlation between the
shamal magnitudes with the monthly wind power density. The strength and duration of
shamal events are consistent in the Gulf, and hence, we can suppose that the estimated high
potential during the prevalence of these events is reliable. The high potential continues
during the months of January, March, June, and December in descending order. The lowest
wind energy potential is found during the months of August and September, when the
wind speeds are reasonably low. These are consistent with the observations carried out in
the UAE [74].

The site-specific analysis indicates that the monthly mean wind power densities at
the onshore locations are the highest during June (162–216 W/m2), followed by February
(144–213 W/m2), whereas the lowest mean wind power is during September (54–73 W/m2)
(Figure 11). The mean wind power densities at the offshore locations are highest dur-
ing February (194–282 W/m2), followed by June (164–247 W/m2), whereas the lowest
mean wind power densities are during September (74–95 W/m2). The peak mean wind
power densities in the onshore and offshore regions are observed to be at Al Khor and
Ruwais, respectively.
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The MVI at onshore locations is in the range of 0.81–1.07, whereas that at offshore
locations is in the range of 0.87–1.00 (Table 5). These values are consistent with the MVI
estimated along the Black Sea coast of Turkey and in the Sea of Azov but low compared to
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the other coastal regions in the Black Sea [71]. The monthly variability in wind speeds in
the enclosed basins is generally higher than that in the open oceans [77].

5. Conclusions

Wind energy resource characterization is carried out along the onshore and offshore
areas of Qatar, aiming at future exploitation of wind power, in the context of reducing
carbon emissions from the conventional energy sectors of the country. The study reveals
that the available wind resources are generally moderate with the highest wind power
densities along the north and northeast areas, where the 40 year mean wind power is up
to 186 W/m2 and the annual mean wind power is up to 212 W/m2. Offshore regions of
Qatar possess the highest wind power compared to onshore regions. Spatial variability
in wind power is apparent due to their proximity to the central Gulf on the north/east
and deserts on the south/west. The monthly mean wind power densities are high during
December–March (up to 282 W/m2) and June (up to 247 W/m2) due to the influence of
winter shamal and summer shamal winds, respectively. Seasonally, the offshore wind
power is higher during winter (up to 224 W/m2) than summer (196 W/m2), which is
in contrast with that identified in the Peninsula. The estimated wind power in Qatar is
consistent with that estimated in the adjacent Gulf coastal areas, the terrestrial regions
of Turkey, the Black Sea, the Sea of Azov, and the Indian coasts. The estimated annual,
seasonal, and monthly variability indices indicate that they are within the acceptable limits
considering the stability in power generation using wind turbines. Inter-annual variability
in wind power prevails in response to the dominant ENSO events. The estimated wind
power at the onshore and offshore locations of Qatar has reduced during the strongest
El Niño events (e.g., 1982–1983, 1997–1998, and 2015–2016), and increased during the
strongest La Niña events (e.g., 1988–1989, 1999–2000, and 2010–2011). Despite the strong
inter-annual variability, a weak annual trend is observed in annual mean wind power
(−0.27 to +0.09 W/m2/y). This indicates that a consistent and stable wind power potential
is available in Qatar on a long-term perspective.
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