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Abstract
The Paris climate agreements’ goals ambitiously aim to hold mean global warming below 2.0°C and to pursue efforts to limit 
the warming to 1.5°C. One of the effective strategies for achieving these goals and reducing greenhouse gas emissions in the 
energy sector is using wind power. As Egypt is heavily investing in wind farm projects and planning to depend more on wind 
energy resources in its energy mix, it is important to assess the impact of climate change on its future wind energy production. 
This study employed eight global climate models of CMIP6 to project the wind power density (WPD) changes under the shared 
socioeconomic pathways (SSPs) 1–1.9 and 1–2.6 that inform Paris climate agreements and SSP5–8.5 that present the extreme 
warming scenario. The results showed that the WPD would increase in most Egypt, except in the far southeast. Increases would 
be pronounced over the far western desert and in Winter compared to other seasons. Nevertheless, Summer and Fall shall have 
the highest WPD by the end of the century compared to the present. This is favorable because the seasonal WPD pattern is 
sufficient to meet the local energy need. Unlike the intra-annual variability, few changes were projected in the inter-annual 
variability of WPD. Furthermore, a shift towards stronger WPDs compared to the historical period was observed. This study’s 
results can be useful for energy policymakers and planners in managing wind energy production under climate change scenarios.
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Introduction

Renewable energy plays a fundamental role in mitigating the 
drastic increase in atmospheric greenhouse gases (GHGs). 
Countries worldwide have strategically planned to depend 

more on renewable energy production. Egypt has set a target 
to supply 42% of the country’s electricity mix by 2035 from 
renewables (IRENA 2018). Implementation of solar and wind 
energies is more realistic and cost-effective in Egypt than other 
renewables. Reports indicate 53% of its electricity supply from 
solar and wind energies by 2030 is realistic and cost-effective 
(IRENA 2018). Out of different renewables, wind energy has 
grown rapidly since 2000 due to technological maturation, 
declining cost, and supportive policies, making it the 2nd in 
terms of installed energy-generating capacities worldwide 
(IRENA 2022). Currently, wind energy production in Egypt 
accounts for 1375 MW which is 12% of total electricity con-
sumption (Bissada 2021; IRENA 2018; NREA 2021).

Although wind energy production is a key player in mitigat-
ing climate change, wind power is very susceptible to climate 
change itself. The expected variation in wind magnitude shall 
definitely alter wind energy generation. Moreover, the wind 
energy potential has a cubed correlation with wind speed. 
Thus, a small variation in wind speed heavily changes energy 
production, impacting the wind energy industry’s reliability, 
stability, and profitability. As governments worldwide shall 
depend more on wind energy in their future energy mix, it is 
vital to assess the changes in future production. Furthermore, 
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wind farms and supporting infrastructure are expensive to con-
struct. Therefore, it is crucial to evaluate the future potential 
in wind energy generation at the current wind farm locations 
and the potential of other locations for wind energy generation.

Future climatic conditions can be investigated by employ-
ing Global Climate Models (GCMs), as they can simulate the 
effect of varying GHG emission levels on our climate system. 
The Scenario Model Intercomparison Project (ScenarioMIP) 
within the Coupled Model Intercomparison Project phase 6 
(CMIP6) is currently the newest state-of-art climate projec-
tion that incorporates different scenarios of social concerns 
related to adaptation, mitigation, and impact of climate change 
(Riahi et al. 2017). These projections in CMIP6 are derived 
for new future pathways, Shared Socioeconomic Pathways 
(SSPs), that integrate possible changes in radiative forcing, 
GHG emissions, technological development, and global 
social, economic, and political scenarios. The CMIP6 models 
can represent earth’s physics more accurately. Several studies 
have reported the better performance of CMIP6 GCMs over 
the previous CMIPs in Asia (Hamed et al. 2022c; Song et al. 
2021), Europe (Di Sante et al. 2021; Nie et al. 2020; Palmer 
et al. 2021), North America (Bourdeau-Goulet and Hassanza-
deh 2021; Ortega et al. 2021), and Africa (Ayugi et al. 2021; 
Hamed et al. 2022b; Nashwan and Shahid 2022). Out of the 
eight available SSPs (Meinshausen et al. 2020), SSP1–1.9 
and SSP1–2.6 address the Paris climate agreement goals of 
limiting global warming to < 2.0°C above the pre-industrial 
era (1850–1900) and to pursue efforts to limit the warming 
to < 1.5°C, respectively (UNFCCC D, 2015).

Bloom et al. (2008) analyzed the change in wind ener-
getic resources over Eastern Mediterranean using the 
Had3CM of CMIP3 for A2 scenario and found an overall 
rise in wind resources over land and a reduction over the 
sea, except for the Aegean Sea, during 2071 to 2100. They 
demonstrated that eastern Egypt wind speeds were under-
valued by 2.5  ms−1 in Winter and overvalued by 2.5  ms−1 
in Summer in the Suez Gulf regions. Carvalho et al. (2017) 
projected the expected changes in wind resources over 
Europe for two CMIP5 scenarios (RCP4.5 and 8.5) using a 
multimodel ensemble (MME) and showed that all European 
territories would experience a drop in the wind resources, 
except in the Baltic Sea, for RCP8.5. Carvalho et al. (2021) 
continued their previous research by analyzing the differ-
ence in projections of wind recourses between CMIP5 and 
6. They showed a strong decrease in wind resources all over 
Europe, in the Baltic Sea, by the end of 2100 for SSP5–8.5. 
However, CMIP6 GCMs projected a high increase in wind 
resources during summer in southern Europe and the far 
north of Egypt, whereas CMIP5 projected the opposite. 
Sawadogo et  al. (2021) projected the changes in wind 
energy potential for two CMIP5 emission scenarios using 
Regional Climate Model version 4 (RegCM4) and reported 
a max increase of 20% in the near and mid-century for both 

RCPs. They also stated a higher increase in wind energy 
for RCP2.6 than RCP8.5 in Africa. Akinsanola et al. (2021) 
found that wind resources will increase by up to 70% on the 
Guinea coast, West Africa, and significantly decrease over 
the Sahel subregion using CMIP6 GCMs. Davy et al. (2018) 
projected an increase in wind resources over North Africa 
for RCP4.5 and 8.5 using the Rossby Centre, RCA4 regional 
climate model under the European domain of Coordinated 
Regional Climate Downscaling Experiment (CORDEX).

No previous studies assessed Egypt’s future wind energy 
potential under climate change scenarios. Only a few stud-
ies assessed the historical change in wind speed in some 
regions using meteorological records. Lashin and Shata 
(2012) suggested the high potential of wind power genera-
tion in Port Said, northeast of Egypt, especially in Spring, 
using historical wind speed observation (1991–2005). 
Effat (2014) pointed out that the Red sea zone, especially 
the northern parts (i.e., Gulf of Suez), has a high poten-
tial for wind power generation. They mapped rich wind 
power potential zones avoiding sensitive ecological sites 
using remotely sensed data and a GIS-based model. Ahmed 
(2018) studied the wind energy potential of Sharq El-
Ouinat (south of Egypt) using a shorter period (2001–2005) 
wind speed record and revealed its high potential.

It can be clearly understood from the previous review 
that little is known about the future state of wind energy 
potential in Egypt. This study’s objective is to assess 
the response of future wind energy resources in Egypt 
under the emission reduction scenarios of the Paris cli-
mate agreements’ goals. The output of eight GCMs for 
SSP1–1.9 and SSP1–2.6, which simulate the agreement 
goals, was utilized to form MMEs and project changes 
in annual and seasonal wind energy potential and their 
geographical distribution. Furthermore, the results were 
compared to that obtained for the high-emission scenario, 
SSP5–8.5, representing the upper boundary of global cli-
matic change in the case of fossil-fueled development and 
limited measures to decrease GHG emissions. The results 
of this study shall be helpful for Egyptian energy policy-
makers in planning and management of future wind energy 
productions.

Study area

Egypt is located in the far northeastern of the African 
continent linking Africa to Asia by the Sinai Peninsula. 
Its land area is approximately one million  km2, with a 
3500 km coastline along the Mediterranean and Red Seas. 
As seen in supplementary Fig. S1, the Nile River enters 
Egypt from the south and flows to the north, splitting 
Egypt into Eastern and Western deserts. Egypt has mostly 
flat topography except for the mountain chains along the 
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Red Sea and in Sinai. Summers in Egypt are hot and dry, 
while winters are chilly and rainy. Warm dry air usually 
comes from the east, especially the Arabian Peninsula. In 
opposition, cold winds usually are northerly and north-
westerly cold advection from Europe (El Kenawy et al. 
2019a, b; Hamed et al. 2022a).

Egypt has many promising wind projects, such as the 
Zafarana wind farm (labelled no. 1 in supplementary 
Fig. S1) with 700 wind turbines and a total capacity of 
545 MW, Gabal El Zeit wind farm (no. 2) with a total capac-
ity of 580 MW, and Suez Gulf first privately owned wind 
farm (no. 3) having a capacity of 250 MW. In addition, 
Egypt has planned several projects in the Suez Gulf with 
a total capacity of 2400 MW, such as the West Bakr wind 
farm (no. 4) with a capacity of 250 MW (NREA 2021).

Data and sources

The present study aims to assess the effect of climate 
change on wind power density in Egypt for the Paris climate 
agreements’ goals. It employed the available eight CMIP6 
GCMs, as listed in Supplementary Table S1, having the 
monthly u and v wind components for the present time cli-
mate and different future scenarios. The future scenarios 
used were SSP1–1.9, SSP1–2.6, and SSP5–8.5. SSP1–1.9 
and SSP1–2.6 are new scenarios in CMIP6 that inform the 
Paris climate agreements’ targets, contain little  CO2 and 
GHG emissions decreasing to almost net-zero by the mid-
century, subsequently net negative  CO2 emission (IPCC 
2021). The SSP1–1.9 simulates a global warming pathway 
that would not exceed 1.5°C beyond pre-industrial levels 
by 2100 (Rogelj et al. 2018). Meanwhile, the SSP1–2.6 
pathway is designed for 1.8°C warming by the end of the 
century (Meinshausen et al. 2020; Rogelj et al. 2016). Fur-
thermore, SSP5–8.5 was used as a benchmark for compar-
ing the results obtained for the Paris climate agreements’ 
goals. SSP5–8.5 is the worst-case scenario containing very 
high GHG emissions. Hamed et al. (2022d) found that bias 
in CMIP6 wind speed components in Egypt is very low 
(± 1 m/s) compared to the European reanalysis ERA5. Fur-
thermore, the uncertainty in CMIP6 projections is relatively 
narrower than that for the CMIP5 (Hamed et al. 2022d).

Methodology

Data processing

The GCM simulated u and v components of wind at 10 m 
(U10) were used to estimate wind speed at each grid loca-
tion. GCMs outputs were presented on different raw spatial 

distributions, as shown in supplementary Table S1. Thus, 
the wind speed estimates at raw resolution were remapped 
into a common 1° × 1° grid (approximately the average of 
the resolution CMIP6 GCMs) using a bi-linear interpo-
lation technique. The bi-linear interpolation technique is 
commonly used to interpolate GCM outputs as it does not 
interfere with the climate change signal (Nashwan et al. 
2020; Salman et al. 2020). The re-gridded wind speed data 
of different GCms were used to develop MME. The MME 
U10 for 1990–2014 were compared to European Reanaly-
sis 5 (ERA5) U10 to assess its performance. Pearson’s 
correlation (r), percentage of bias (%bias), and the Kling-
Gupta efficiency (KGE) metrics were used as the evalua-
tion metrics. The optimal r and KGE are one and zero for 
the %bias. The ERA5 was used for comparison as it is the 
latest and most advanced reanalysis produced by European 
Centre for Medium-Range Weather Forecasts (ECMWF). 
It incorporates the Integrated Forecasting System (IFS) 
cycle 41r, ground observations, and remote sensing data 
to develop its climate estimates. ERA5 was found to repro-
duce the regional climate of Egypt accurately (Gleixner 
et al. 2020; Hamed et al. 2021).

Since wind turbines are usually installed at 80 to 120 m 
above the ground elevation (or mean sea level for offshore 
turbines), the 10 m wind speed estimates were extrapolated 
to 100 m height (average wind turbine level). Wind speed 
extrapolation is commonly conducted using either the wind 
power law or logarithmic wind profile. From 100 m to the 
near top layer of the atmosphere, more accurate estimations 
of wind speed are expected using the wind power law (Pryor 
et al. 2005). Thus, it was used to extrapolate wind speed to 
100 m using Eq. (1).

where Uz is the wind speed at target level z (here, 100 m), 
Uzr

 is the wind speed at a reference level zr (here, 10 m), 
and � is the power-law exponent (here, 0.14 following the 
International Electrotechnical Commission recommendation 
for inshore).

Wind energy resources

The 1° × 1° 100 m wind speed estimates were used to calcu-
late the magnitude of wind power density (WPD) for each 
GCM for the historical (1990–2014) and future (2041–2100) 
periods to characterize wind energy resources. The WPD is 
a widely used metric for assessing wind energy resources 
as it allows the comparison among the potential of different 
locations in wind energy resources independent of turbines’ 
power curves (Cook 1985; Costoya et al. 2020a). WPD is the 
wind power in the unit area ⟂ to the airflow (Eq. 2).

(1)
Uz

Uzr

=

(
z

zr

)�
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where WPD is in  Wm−2, � is the air density in  kgm−3, and 
vi is the 100 m wind speed in  ms−1. The air density was 
calculated using Eq. (3).

where P is the average sea level pressure in Pa, R is the gas 
constant, and T is the average temperature in °Kelvin. Here, 
the ERA5 data of P and T were used to calculate the average 
areal � of 1.19314  kgm−3 for Egypt for the historical period. 
This value was assumed to be the same in the future.

Changes in projected wind power density 
and assessment of uncertainty

The calculated WPDs for all GCMs were used to generate 
MME to assess the changes in WPD due to climate change. 
The future changes in WPD were estimated as the percent-
age difference between the MME mean of future WPD and 
the MME mean of historical WPD. The changes were cal-
culated for the annual average and seasonal WPD. The cred-
ibility of the climate change signal was assessed based on 
how each GCM agreed with the sign of MME mean change. 
A robust/consistent climate change signal was annotated 
when ≥ 75% of the MME member agreed on the sign of the 
change. Meanwhile, a not-credible change signal was anno-
tated when ≤ 25% of the members agreed. The credibility 
of the change signal was assessed at each grid point, and 
the grids having robust (not credible) signals were marked.

The probability distribution function skill score (PDFss) 
was used to assess the change in distribution in monthly 
WPD. The PDFss, proposed by Perkins et al. (2013), is a 
measure of the overlap between a couple of probability dis-
tribution functions by computing the cumulative minimum 
value of their distributions (Eq. 4). The score values can 
range between zero and one, where one designates a perfect 
PDF overlap. However, unlike previous studies, the PDFss 
was used in this study to assess the projected distributional 
changes between the historical WPD and future estimates. 
Thus, the difference in PDFss (1-PDFss) was calculated to 
give these changes a quantitative score.

where My and Mx are the ratios of values for a given n of 
bins from the historical and future probability distribution 
functions.

(2)WPD =
�v3

i

2

(3)� =
P

RT

(4)PDFSS =

n∑

1

min(My,Mx)

Furthermore, this study employed the Robust Coefficient 
of Variation (RCoV) to understand the variability in wind 
power at intra-annual and inter-annual scales. The RCoV 
is the ratio of the median absolute deviation (MAD) to the 
median time series of WPD, as expressed in Eq. 5. The intra-
annual RCoV was computed for each grid point (i) as fol-
lows: (1) the monthly time series of MME mean of WPD 
were constructed for the historical and future periods; (2) the 
median WPD and MAD were computed for each year; (3) 
the division of the annual MADs was computed as the ratio 
of the annual RCoV to the corresponding annual median 
WPD; finally, (4) the median of the annual RCoV was cal-
culated and presented in the “Results” section. The same 
procedure was carried out to calculate the inter-annual vari-
ability of WPD but using the annual mean WPD instead of 
the monthly mean. Besides, the RCoV was computed using 
the annual mean MME time series.

Results

The mean annual wind speed and direction at 10 m high over 
Egypt for the base period (1990–2014) as estimated by the 
MME is presented in supplementary Fig. S2. It shows that 
high wind speeds were concentrated in Egypt’s center, which 
gradually increased to the maximum in the central south. 
The wind in the northwest ranged from 2.17 to 4.18  ms−1. 
On the other hand, the lowest wind speed was in the east 
of Egypt. The MME U10 averaged for the base period was 
compared to the averaged ERA5 to evaluate the MME per-
formance. Fig. S2 (b) shows that the MME can reproduce 
ERA5 data adequately, as most points are aligned along 
the 1:1 diagonal line. The statistical assessment revealed 
r = 0.85, %bias = 4.3%, and KGE = 0.63 for MME U10.

The wind speed at 10 m height was then converted to 
100 m height. The WPDs for the historical and future peri-
ods were then computed to estimate the changes in WPDs 
for different SSPs. Figure 1 displays the annual and seasonal 
averages of WPD for the historical period (1990–2014). 
The results showed that the spatial distributions of WPD 
for different timeframes were similar to that of wind speed 
presented in Fig. S2. The WPD in the central south had the 
highest magnitude, and the east had the lowest. Figure 1 also 
shows that the annual WPD ranged from 7 to 218  Wm−2. 
Among different seasons, Fall (August to October) had 
the highest WPD (mean 92  Wm−2), and Winter (Novem-
ber to January) had the lowest (mean 27  Wm−2). WPD in 
Fall and Winter ranged from 37 to 218  Wm−2 and 7 to 87 
 Wm−2, respectively. It ranged from 10 to 90  Wm−2 in Spring 

(5)

RCoV =
MAD

Median
=

median
[
|WPDi − median

(
WPDi

)
|
]

median(WPDi)
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Fig. 1  Average wind power densities in Egypt for annual and seasonal timeframes during the historical period (1990–2014)
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(February–April) and 45 to 206  Wm−2 in Summer (May, 
June, and July).

Figure 2a–d demonstrates the time series of projected 
WPD for SSP1–1.9, 1–2.6, and 5–8.5. The intermediate 
black dashed lines represent the MME mean WPD, and the 
bands represent MME projections’ 90th percentile confidence 
intervals. The figure reveals no significant difference in the 
year-to-year WPD variability of different SSPs. It also shows 
that the confidence bands are mostly narrow. The fluctua-
tions were more for the upper than the lower confidence level. 
The average bandwidths were 65.6, 62.9, and 68.7  Wm−2 
for SSP1–1.9, SSP1–2.6, and SSP5–8.5, respectively. This 
reflects the small inner-model variability. The figure also 
shows the difference between the mean projected and his-
torical WPD. The SSP1–2.6 (the blue line) showed a declin-
ing trend with the lowest difference (average of 1.1  Wm−2) 
and the highest negative change (− 9.6  Wm−2, in 2100). In 
contrast, SSP5–8.5 (the red line) showed a rising trend with 
the highest difference (average of 4.1  Wm−2) and the high-
est positive change (16.6  Wm−2, in 2099). Furthermore, the 
difference for SSP1–1.9 (green line) was in the middle of the 
other two SSPs, with no notable trend (ranges between 10.8 
and − 3.6  Wm−2) with an average difference of 2.2  Wm−2.

Figure 3 shows the projected annual WPD (%) changes 
over the study area for three SSPs during 2041–2100. It 
revealed that plenty of the change signals are robust (i.e., 
most MME members agree on the sign of the change) with 
no unrealistic signals within the study area. The results 
showed that most of Egypt would experience varying lev-
els of increase in WPD for different SSPs, except in the far 
southeast. The average overall changes were 8.8, 10.1, and 
14.2% for near, mid, and far futures, respectively. The WPD 
was projected to increase in the west of Egypt up to 16.3, 
12.8, and 29.2% in the near future, 12.9, 14.3, and 41.3% 
in mid-future, and 11.0, 15.5, and 67.7% in the far future 
for SSP1–1.9, SSP1–2.6, and SSP5–8.5, respectively. The 
higher WPD was projected in the Suez gulf area by 11.7, 
8.5, and 16.7% in the near future, 8.6, 8.6, and 24.2% in the 
mid-future, and 7.3, 8.3, and 39.3% in the far future for the 
three SSPs. However, 9.0% of Egypt, mainly in the far north-
west and southeast, would experience a reduction in WPD by 
2.3% during 2041–2060 for SSP1–2.6. The higher decrease 
in WPD (10.5% of total area) would be for SSP1–1.9 dur-
ing 2081–2100. However, it would be much smaller for 
SSP5–8.5 and SSP1–2.6 (1.0 and 0.9%) for the same period.

Figure 4 illustrates the projected changes (%) in seasonal 
WPD in the near future (2041 to 2060). The major changes 
in both directions (+ ve and − ve) would be in Winter for 
all scenarios. However, most negative change signals were 
unrealistic, except for Summer and Fall for SSP5–8.5. Most 
areas having positive change signals were robust. WPD 
changes in Winter may reach 44.1 and 35.4% for SSP1–1.9 
and SSP1–2.6, respectively. It may increase to a maximum 

of 77.6% for SSP5–8.5, which is the highest for all seasons. 
Spring showed the most credible change signals, primarily 
positive, except for the far northwest. The changes in Spring 
were − 3.0 to 30.9%, − 6.9 to 23.2%, and 7.1–56.9% for the 
three SSPs. Figure 4 shows the lowest changes in Summer 
than in other seasons. A reduction in WPD will be expe-
rienced over the largest areas (42.6% of the study area) in 
Summer. Non-credible signals were found in the southeast 
of Egypt for SSP1–2.6. However, most were out of the study 
area for SSP1–2.6 and a few points in the far northwest for 
SSP5–8.5. The far north of Egypt would experience more 
WPD change, by 16.1, 9.8, and 7.1% for the three SSPs. The 
future changes during Fall would be − 7.2 to 13.9%, − 10.4 
to 16.1%, and − 9.4 to 25.6% for SSP1–1.9, 1–2.6, and 5–8.5 
with non-credible signs for SSP1–2.6, mainly in the eastern 
areas outside the Egyptian borders.

Figure 4 also illustrates the projected seasonal changes 
(%) during 2061‒2080. Winter showed the major differ-
ences, both positive or negative, for all scenarios. Still, 
the majority of the negative change signals were not found 
credible. Most areas with positive change signals were 
found robust. The increase may reach 41.0% and 51.0% for 
SSP1–1.9 and SSP1–2.6, respectively. For SSP5–8.5, the 
increase may reach a maximum of 138.6%, which is the 
greatest overall change. The most credible change signals, 
which are mostly positive, were noticed in Spring. The 
changes in Spring were − 1.2 to 33.8%, 1.9–32.1%, and 
12.6–93.8% for the three SSPs. Figure 4 displays the least 
changes in Summer than in other seasons. Non-credible sig-
nals were noticed in different regions for different SSPs. The 
far northwest of Egypt would have 7.0, 6.4, and 20.7% more 
WPD for the three SSPs. The future changes during Fall 
would be − 3.7 to 10.3%, − 6.1 to 13.0%, and − 8.4 to 36.4% 
for SSP1–1.9, 1–2.6, and 5–8.5, respectively. Most of the 
study areas showed credible signs for SSP5–8.5.

The projected changes (%) in seasonal WPD by the end 
of the century (2081–2100) for different scenarios were very 
similar to that obtained for the period 2061–2080. How-
ever, the increase in Winter WPD was more for SSP5–8.5 
(203.0%) during 2080–2100 than 2061–2080. The results 
are provided in supplementary Fig. S3.

Figure 2e–g presents the probability density functions 
(PDFs) of future projections of monthly WPD for differ-
ent SSPs in comparison to monthly historical estimates. 
The results showed a shift in the peak of the PDFs towards 
stronger WPDs compared to the historical period with lower 
probability densities regardless of the future timeframes. 
This shift was measured for different SSPs and periods 
using 1-PDFss. Supplementary Table S2 shows the big-
gest shift for SSP5–8.5, which also increased with time. 
SSP1–1.9 showed the lowest shift. Furthermore, SSP1–1.9 
and SSP1–2.6 would have a comparable distribution of WPD 
at the end of the century.
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Figure 5 presents the spatial patterns in the inter-annual 
RCoV, which was used to analyze variation in monthly WPD 
across Egypt for different timeframes. The higher the RCoV, 
the larger the variability in WPD. The figure shows that the 
highest RCoV were mainly in the Gulf of Suez and Sinai, 
pointing to wide inter-annual variability for all periods. The 
intra-annual variability in the present and future climates 
gradually decreased and generally became lowest in the 
southeast. The average inter-annual RCoV was 0.43–1.22 

for the historical period. Those were 0.38–1.09, 0.36–1.17, 
and 0.37–1.18 for SSP1–1.9 and 0.48–1.25, 0.40–1.17, and 
0.43–1.19 for SSP1–2.6 in the near, mid, and far futures, 
respectively. A slight change was observed for SSP5–8.5 
compared to SSP1–1.9. The average RCoV was 0.42–1.18, 
0.44–1.20, and 0.40–1.13 for the three future periods. The 
middle south and southeast would experience low variabil-
ity. Meanwhile, the northeast would experience the highest 
variability for all periods and scenarios.

Fig. 2  Future wind power densities time series (a–d) and probability 
distribution functions (PDFs, e–g). Time series of future wind power 
densities (Wm.−2) from 2041 to 2100 for a SSP1–1.9, b SSP1–2.6, 
and c SSP5–8.5, and d the difference between the shared socio-

economic pathways and mean wind power densities of the histori-
cal period. PDFs of monthly historical wind power densities and its 
future projections for different shared socioeconomic pathways dur-
ing e 2041–2060, f 2061–2080, and g 2081–2100
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The intra-annual RCoV for the historical and three future 
periods for different SSPs is presented in supplementation 
Fig. S4. Generally, small RCoV was observed for differ-
ent timeframes, which means low year-to-year variation in 
WPD across Egypt. The average intra-annual RCoV was 
0.047–0.108 for the historical period, while 0.022–1.00, 
0.027–0.090, and 0.027–0.111 for SSP1–1.9, 0.044–0.138, 
0.033–0.114, and 0.024–0.106 for SSP1–2.6, and 
0.018–0.097, 0.028 0.093, and 0.028–0.12 for SSP5–8.5 in 
the near, mid, and far futures. Overall, the northwest would 
experience a high variability and the middle south the least.

Discussion

This study investigated the impact of global warming on the 
generation potential of wind power over Egypt for different 
future spans using an ensemble of CMIP6 GCMs. The GCMs 
estimated the wind status for three SSPs that simulate global 
warming below 1.5 and 2.0°C by the end of the century (i.e., 

SSP1–1.9 and 1–2.6) as well as the worst-case impact of cli-
mate change (SSP5–8.5). The results showed that the WPD 
would increase for most Egypt, except in the far southeast. 
Increases were pronounced over the far western desert and in 
Winter compared to other seasons. Nevertheless, Summer and 
Fall would have the highest WPD by the end of the century, like 
in the present. This is favorable as seasonal WPD is equal to the 
local energy usage (Abubakr et al. 2022; Osman et al. 2009). 
Unlike the intra-annual variability, few observed changes were 
projected in the inter-annual variability of WPD for most of 
Egypt. Therefore, the same spatial distribution of RCoV was 
observed for different scenarios and future spans. Furthermore, 
the results revealed a shift in the peak of the PDFs towards 
stronger WPDs compared to the historical period.

As reviewed in the introduction, limited studies explored 
Egypt’s potential changes in wind speed or power due to 
global warming. However, this study’s results agree with 
Sawadogo et al. (2021) in the increase in WPD over Egypt, 
where they projected a similar increase over north Africa 
but for RCP2.6 and 8.5 using RegCM4 CORDEX-CORE 

Fig. 3  Changes (%) in annual wind power densities (WPD) during 2041–2060, 2061–2080, and 2081–2100 (columns) for SSP1–1.9, SSP1–2.6 
and SSP5–8.5 (rows)
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Fig. 4  Projected changes (%) in seasonal wind power densities (columns) for different shared socioeconomic pathways (rows) during 2041–2060 
and 2061–2080
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ensemble. Furthermore, this study found that WPD would 
increase for SSP1–1.9 and 1–2.6, as well as for SSP5–8.5. The 
tendency of having the same direction of change in WPD with 
a smaller magnitude for low emission scenarios compared to 
high emissions one was also observed in several studies in dif-
ferent locations (Carvalho et al. 2021; Donk et al. 2019; Graf 
et al. 2019; Lima et al. 2021). This expected increase in WPD 
in Egypt shall give it an advantage over Europe, where several 
studies project a decrease in wind energy power for different 
SSPs (Carvalho et al. 2021; Martinez and Iglesias 2021).

Recent studies proved that the regional climate in Egypt 
is changing (Gado et al. 2019; Hereher 2016; Kenawy et al. 
2019a, b; Nashwan et al. 2019). Since the 1980s, the consist-
ency, severity, and length of cold and hot extremes have all 
increased dramatically (Kenawy et al. 2019a, b; Nashwan 
and Shahid 2019). Moreover, flash floods turned into preva-
lent events, resulting in dozens of deaths and significant eco-
nomic losses (Saber et al. 2020). Although this study’s find-
ings showed that WPD would be higher for the worst-case 
scenario (SSP5–8.5) than low emission scenarios, keeping 

Fig. 5  The inter-annual robust coefficient of variability for the historical and future periods for different shared socioeconomic pathways (rows) 
during 2041–2060, 2061–2080, and 2081–2100 (columns)
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global warming below the Paris climate agreement goals is 
vital for Egyptian energy management. Nashwan and Shahid 
(2022) revealed that a substantial increase in susceptibility to 
hydrological hazards is expected in the country, even if the 
global temperature increase can be maintained to the Paris 
climate agreements’ limits. Furthermore, anthropogenic 
climate change at varying levels can impact Egyptian agri-
culture (Baig et al. 2019; El-Ramady et al. 2013; ElMassah 
2013; Mahmoud 2017; Ouda et al. 2010), economy (Adly 
2019; Onyeji and Fischer 1994; Strzepek 1996; Strzepek and 
Yates 2000; Sušnik et al. 2015; Yates and Strzepek 1998), 
homeland security, and public health (Brown et al. 2007; 
Johnstone and Mazo 2011; Lotfy 2014; Saad-Hussein et al. 
2011; Werrell et al. 2015). Thus, the authors advocate the 
importance of keeping warming levels under the Paris cli-
mate agreement goals for Egypt, even though higher warm-
ing levels will have higher wind energetic resources.

GCMs have some limitations in assessing WPD. First, 
the relatively coarse spatial resolution of their outputs. Sec-
ond, the absence of 100 m level wind information. GCMs 
only provide wind components at 10 m or on other standard 
pressure levels. The third limitation is that few GCMs offer 
hourly wind data. Karnauskas et al. (2018) demonstrated 
quantitatively that none of them sufficiently weaken the sci-
entific soundness and validity or the societal value of results 
derived by GCMs.

Several studies employed GCMs’ wind data having dif-
ferent spatial resolutions to estimate WPD at regional or 
global levels. Qian and Zhang (2021), Karnauskas et al. 
(2018), and Deng et al. (2021) remapped different CMIP6 
GCMs’ outputs to 1° × 1°. Carvalho et al. (2021) re-gridded 
to 1.125° × 1.125° as it was the lowest resolution of all the 
available GCMs. Other studies employed coarse spatial reso-
lution (> 2° × 2°), mostly without stating the reason behind 
their choice (Akinsanola et al. 2021; Carvalho et al. 2017; 
Reyers et al. 2016; Zheng et al. 2019). On the other hand, 
studies that employed regional climate models (RCMs) 
mostly used finer spatial resolution of ~ 12 km (Chen 2020; 
Costoya et al. 2020a, b; Davy et al. 2018; Santos et al. 2018). 
The present study chose 1° × 1° as it is approximately the 
average gridsize of the CMIP6 GCMs. Carvalho et al. (2021) 
highlighted that GCM usually has limitations in represent-
ing terrain features (i.e., coastlines, ground elevation, etc.), 
which impacts their estimation of the 10 m wind compo-
nents over complex terrain. Carvalho et al. (2014) stated 
that GCM-simulated mesoscale wind flow is not accurate 
over complex terrains. However, Karnauskas et al. (2018) 
found that the magnitude and variability of monthly WPD 
calculated from NCEP/NCAR Reanalysis at 2.5° × 2.5° grid 
cells were highly correlated (r = 0.94) to point measurements 
by wind towers located in complex terrain. Such a compari-
son cannot be made for GCMs as their simulations are not 
temporally synchronous with the real world. They concluded 

that GCM outputs at coarse spatial resolution do not under-
mine their use to estimate WPD. On the other hand, Egypt’s 
land is mostly flat, as shown in Fig. S1, with few complex 
topology features.

The lack of wind information at the 100  m level in 
GCMs/RCMs possesses uncertainty in WPD estimated 
using extrapolated 10 m winds. Most previous studies used 
the power law, as the present study, to vertically offset the 
10 m wind up to 100 m (the average level of turbine hub). 
Goddard et al. (2015) illustrated that this upward extrapola-
tion should yield reasonable wind characteristics for WPD 
projections. Furthermore, Karnauskas et al. (2018) com-
pared the total wind power generated at a wind tower at 
80 m to that estimated by extrapolating 10-m data and found 
that power law, on average, predicts the total wind power 
extremely well (r = 0.98).

Davy et al. (2018) pointed out that the ratio of WPD cal-
culated using 3 hourly data to that obtained using daily data 
ranges from 1 up to 1.4 in Egypt. Furthermore, Karnaus-
kas et al. (2018) found that monthly total power estimated 
using monthly wind data underestimated the power obtained 
using hourly data at a global scale but still highly correlated 
(r = 0.94). Finer temporal and spatial resolution data can be 
considered in the future in estimating WPD at a regional scale.

Conclusions

This study is the first to explore the future changes in wind 
energy in Egypt using CMIP6 models. It employed an ensem-
ble of state-of-art CMIP6 GCMs for the SSP1–1.9 and 1–2.6 
and 5–8.5 scenarios that inform the Paris climate agreements’ 
goals and the worst-case of global warming. The study esti-
mated the projected changes for three future spans (e.g., 
2041–2060, 2061–2080, and 2081–2100) in terms of WPD 
climatology, distribution, and intra-/inter-annual variability. 
The results revealed that WPD would increase at varying 
degrees all over Egypt for different SSPs and future periods 
expect for the far southeast. The highest increase in WPD 
would be in Winter compared to other seasons. The country’s 
far west would experience a higher increase than other parts, 
leading to a comparable WPD to the current and future high-
est location in WPD (i.e., Gulf of Suez). But the inter-annual 
variability in WPD would be the highest in the Gulf of Suez 
for different future scenarios and periods.

The study offers useful knowledge regarding how the 
regional climate in Egypt may change in case to achieve the 
global warming goals of the Paris climate agreement. The 
present work’s outputs may help shape future strategies for 
wind energy generation in Egypt. Future works may project 
possible changes in solar energy production in Egypt as the 
change in aerosol levels leads to a change in solar radiation 
at the ground level.
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