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Abstract

The climatic parameters (surface air temperature, surface relative humidity, surface wind regime, and mean sea level
pressure) are important in addressing adaptation/mitigation to climatic changes. In particular, the recent and future of
these climatic parameters along the Egyptian Mediterranean Coast (EMC) were analyzed based on hourly real observed
data (2007-2020) and hourly reanalysis (ERA5) database (1979-2020) together with daily GFDL (global climate
model) mini-ensemble mean (2006-2100). Recent climatic studies in the study area have not given enough attention
to the downscaling approach, underscoring the need to set up a statistical downscaling technique to better understand
the forces that govern climatic change. Here, we analyze the current climatic and future scenarios for the parameters
studied in a three-step process. The first step is to study the current weather variabilities in the short term (14 years)
using the real observed data. The second step is to describe the long-term (42 years) current weather variabilities over
the studied stations using a reanalysis ERA5 database after bias removal by comparing with the observations. The
third step is to statistically downscale the GFDL mini-ensemble, which means describing the future projection along
the study area up to 2100. The statistical downscale technique is built on the developed bias correction statistical
model by matching cumulative distribution functions (CDF) of the mini-ensemble mean and observations during the
overlapped period (2007-2020).

The results show that ERA5 describes the efficiency of the weather characteristics of the five studied stations. This
data, along with the EMC 2006-2020, displays a significant positive trend for surface air temperature and significant
negative trends for surface wind speed, relative humidity, and sea level pressure. The GFDL mini-ensemble mean
projection, up to 2100, has a significant bias with the studied weather parameters. This is partly due to the GFDL
coarse resolution (2°x 2.5°). After removing the bias, the statistically downscaled simulations from the GFDL mini
ensemble mean show that the study area’s climate will experience significant change, especially surface air temperature
and relative humidity with a great range of uncertainties according to the scenario used and regional variations. Our
results are the initial step in enhancing the understanding and development of statistical downscaling techniques to
project future climate scenarios over EMC.
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1. Introduction

The Egyptian Mediterranean coast (EMC), which extends
from 27°E to 33°E (Figure 1), is considered an arid zone
except for El Arish, which is considered a semi-arid zone
(UNESCO, 1979). According to UNESCO (1979), the aridity
index (the rate of annual precipitation/potential evapo-
transpiration) is between 0.03 and 0.2 for the arid zone
and from 0.2 to 0.5 for the semi-arid zone. The study area
provides a marketable resource for industrial activities,
farming, fishing, tourism, oil, natural gas structures, and

import and export activities. At the same time, the EMC
has been confirmed as a climatic ‘hot spot’ region as it will
experience significant changes in surface air temperature
(positive trend) and rate of precipitation (negative trend),
together with a slight decrease in sea level pressure at the
end of the twenty-one centuries as stated by (Shaltout et
al.,, 2013; IPCC, 2019; Tuel and El Tahir, 2020).

The study area suffers from severe climatic events,
such as storms, as well as man-made pressures (such as
random construction on the coasts), which makes this
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Figure 1. Bathymetric chart of the study area with the
five considered weather observation stations: 1) Marsa
Matrouh, 2) Ras El-Tin, 3) Abu Qir, 4) Port Said and 5) El
Arish.

area highly vulnerable. Moreover, the EMC is also suffer-
ing from various problems, including dramatic population
growth, land subsidence, saltwater intrusion, unplanned
urbanization, high erosion rates, land use interference, soil
salinization, ecosystem pollution, and degradation. Thus,
EMC timely necessitates urgent needs to reconsider the
current and future climate in order to switch the climate
change threats into socioeconomic benefits (Agrawala et
al.,, 2004).

In general, Egypt has four seasons: summer (June, July,
and August), winter (December, January, and February),
spring (March, April, and May), and autumn (September,
October, and November). The climate of the winter season
is cold, moist, and rainy. The summer season is hot, dry,
and rainless, with clear skies. The main event in the spring
season is the Khamasine Depression, and the climate in
the autumn season is similar to that in spring, confirming
another transitional season.

The EMC climate describes a seasonal variation. During
the summer season, the Indian Summer Monsoon (ISM)
and the Azores highly significantly control the EMC cli-
mate condition (Yadav, 2021). The Azores high, associated
with a moderate climate, expands eastwards. At the same
time, ISM, associated with thermal low, expands northwest.
Thus, in the summer period when the ISM dominated over
EMC, the extreme increase in temperature with high dry
conditions is noteworthy. However, when the Azore’s high
dominates over the southeast Mediterranean, the temper-
ature and dry conditions would be moderated.

During the winter season, the Mediterranean region
is affected by the passage of occasional depressions that
cross the region from west to East. This passage is accom-
panied by cold fronts sometimes and hot fronts at other
times. Moreover, the Mediterranean Sea region is also af-
fected by the presence of high-pressure systems that origi-
nated over Northern Europe and Asia, such as the Siberian
winter high. After passing these occasional Depressions (if
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it is accompanied by cold fronts) over the Mediterranean
Sea, the cold air coming from northern Europe (especially
from Upper Siberia) rushes to the Mediterranean region,
which leads to an increase in the degree of atmospheric
stability. Thus, cumulus and cumulonimbus clouds can be
formed, and precipitation is in the form of drizzles, snow,
or hail. This depression may also be accompanied by thun-
derstorms, especially in areas where the fronts pass. Then,
the air takes moderation until another depression comes,
and so on. The weather in this season is often unstable,
and the Mediterranean region is exposed to the invasion
of continental/maritime polar air masses, especially in the
northwest and the northeastern Mediterranean (Egyptian
Naval Forces, 1962).

Occasionally, when the area of high pressure moves
away from the United Kingdom to the Scandinavian coun-
tries, it is strengthening. The characteristics of the Block-
ing Anticyclone (omega block) system are remarkable. That
prevents the normal Mediterranean Depression from pass-
ing from west to east. This blocking system guarantees
calm and dry weather over the central-western part
of Europe. In contrast, the central-eastern part of Europe
and the eastern Mediterranean (including North Egypt)
are characterized by cold air. As this configuration passes
over the Mediterranean Sea, they gain water vapor from
the Mediterranean Sea, which leads to an increase in the
amount of rain in North Africa. While the presence of
omega blocks coincides with the Siberian High, a decrease
in temperatures and snowfall over North Asia and
parts of Northeast Africa is noteworthy (Kautz et al,,
2022).

Specifically, De Vries et al. (2013) showed that the
Siberian High system significantly influences climate
/weather fluctuations over the EMC and its surrounding
continent. The Siberian High system, which is responsi-
ble for polar outbreaks over the Mediterranean Sea (Saa-
roni et al., 1996), tends to increase the likelihood of the
rainy season developing, which, when combined with the
Mediterranean low-pressure system, generates easterly
storms over the EMC (Saaroni et al,, 1998; Nastos and Zere-
fos, 2009). The southward movement of the Siberian High
and Azores High over the Mediterranean Sea produces nu-
merous advantages for precipitation and the development
of extratropical storms (Haggag and El-Badry, 2013). Fur-
thermore, when the Azores High (winter subtropical high-
pressure systems) move southward, storm systems from
the Atlantic Ocean tend to penetrate the Mediterranean
Sea (Zerefos et al,, 2011). Moreover, severe weather oc-
currences over EMC during the winter season are strongly
linked to Mediterranean cyclones and very rarely occur
under other conditions (Lionello et al., 2006).

Earlier studies on the following topics (surface air tem-
perature, surface relative humidity, surface wind, and mean
sea level pressure) are available, offering insightful infor-
mation and fundamental understanding.
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1.1 Surface air temperature (T2m)

Domroes and EL-Tantawi (2005) showed that in Marsa
Matrouh the annual average T2m is 19.5°C with a warm-
ing trend of 0.18°C decade ! using observation data from
1971 to 2000. At the same time, Shaltout etal. (2013) used
the ERA-Interim dataset (1979-2010) to confirm that the
annual average T2m ranges from 20-20.5°C with a warm-
ing trend of 0.4-0.5°C decade!. Over the period from
2007-2018, the monthly T2m ranges from 12.26°C (in Jan-
uary) to 27.93°C (in August) with a warming annual trend
of 0.45°C decade ! as stated by Tonbol et al. (2018). The
hourly T2m over the period (2007-2016) reaches its mini-
mum (maximum) value of 5.2°C (43.4°C), with an annual
mean value of 20.6°C (El-Geziry et al., 2021).

In Alexandria, Domroes and EL-Tantawi (2005) used
observation data from 1941-2000 to show that the an-
nual average T2m is 20.3°C with a warming trend of 0.1°C
decade~!. While Shaltout et al. (2013) confirmed that the
annual average T2m ranges from 20-20.5°C for the period
1979-2010 using the ERA-Interim dataset with a warming
trend of 0.3-0.4°C decade—!. Moreover, Alexandria T2m
shows a significant monthly variation, reaching its maxi-
mum value in August (29°C) and its minimum value in Jan-
uary (14°C) with a warming trend of 0.2-0.5°C decade ! as
stated by Tonbol et al. (2018) using hourly observed data
from 2007 to 2016. Mahfouz et al. (2020) showed that the
hourly T2m over Alexandria has a range (7-41°C) for the
period from 2007-2018 with a warming trend of 0.3-0.4°C
decade™!. Moreover, El-Geziry et al. (2021) stated that the
hourly T2m ranged from 5.2 to 41.0°C for the period from
2007-2019, with an annual mean value of 21.9°C.

Port Said, Domroes, and EL-Tantawi (2005) used ob-
servational data from 1941-2000 to show that the annual
average T2m is 20.3°C with a negative warming trend of
—0.06°C decade*. From 1997 to 2009, the daily T2m
has a range (of 7-34°C) with an annual average value of
21.2°C (Shaltout et al.,, 2013). Moreover, the mean monthly
T2m (2007-2016) fluctuated between 13.61°C (in January
2012) and 29.50°C (in August 2015) stated by Tonbol et
al. (2018). El-Geziry et al. (2021) confirmed that hourly
(2007-2019) T2m reached its minimum (maximum) value
of 1.0 (41.7) °C with 22.1°C as an annual mean value.

In El Arish, Shaltout et al. (2013) confirmed that the
annual average T2m is 20.5°C for the period 1979-2010
using the ERA-Interim dataset with a warming trend of
0.5-0.6°C decade™!. From 2007 to 2016, the hourly T2m
shows a significant monthly variation, reaching its maxi-
mum value in August (29.3°C) and its minimum value in
January (12°C) with a warming trend of 0.57°C decade ™!
with an annual mean of 21.55°C as stated by Tonbol et al.
(2018). Moreover, the hourly T2m (2007-2019) ranged
from 2.0 to 45°C, with a mean value of 21.6°C (El-Geziry et
al.,, 2021).

Alcamo et al. (2007) showed that T2m in the northern
Mediterranean region under the A1B scenario is projected
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to experience a warming trend of 0.22-0.5°C decade ! up

to 2100. Alpert et al. (2008) reported a warming increase
over the Eastern Mediterranean ranging from 4°C (A2 sce-
nario) to 3°C decade™! (B2 scenario) when comparing
2071-2100 and 1961-1990. The region of EMC will expect
significant warming uncertainty ranging from 0.6-2.8°C by
the end of the current century regarding the 1981-2010
average value as stated by Shaltout et al. (2013). Depend-
ing on the used scenario, the EMC will expect significant
warming ranging from 0.6 to 2.6 °C. Generally, future warm-
ing signals over the study area are consistent features in
the regional and global climate modeling through A1B
and A2 scenarios (IPCC, 2014). Furthermore, Lelieveld
et al. (2016) apply the ensemble results of CMIP5 models
through RCP4.5 and RCP8.5 scenarios to confirm a signif-
icant warming trend, especially during summer over the
MENA region (including the study area). Bucchignani et al.
(2018) showed that T2m over the Middle East and North
Africa domain under the RCP4.5 scenario will experience
significant warming ranging from 2.5 to 4°C decade™! by
using the COSMO-CLM regional climate model.

1.2 Surface wind regime

Zecchetto and De Biasio (2007) show that the wind blow-
ing from the Northwest describes the dominant wind field
over the EMC. Moreover, along the EMC, the wind direction
showed geographical variation, where the NW wind direc-
tion mostly dominates over the western part of the EMC
and the WNW wind direction dominated over the eastern
part of the EMC, as stated by Krichak et al. (2007). Fur-
thermore, Elbessa et al. (2021) showed that the southerly
wind direction did not significantly affect the study area
except at El Arish station.

The wind direction over EMC showed a seasonal vari-
ation. However, the prevailing annual wind direction in
front of Port Said and Alexandria was blowing from NW to
N direction (Hamed, 1979, 1983; Meligy, 2000; Elsharkawy
et al, 2016; Mahfouz et al.,, 2020). At Marsa Matroubh, the
dominant wind was NW with a mean direction of 315° (El-
Geziry etal., 2021). Over El Arish, the prevailing wind direc-
tion (2007-2018) was NNW (Elbessa et al., 2021). On the
other hand, the wind speed showed a diurnal and seasonal
variation (Sabra, 1979; Meligy, 2000). Over Alexandria, the
maximum wind speed occurs from noontime to 3:00 PM,
while the minimum speed occurs during the night from
9.00 PM to 6.00 AM. The maximum wind speed occurred
during winter (interval of 9.1-11.4 ms! and > 11.9 m
s~1), while the minimum speed (3.8-5.4 m s~!) occurred
during summer (higher speed values in winter are due to
the frequent occurrence of storms during winter). From
another direction, the wind speed along the EMC shows a
spatial variation, where El Arish (Port Said) has the small-
est (largest) mean wind speed of 2.3 (4.9) m s, as stated
by Essa and Mubarak (2006).

In the winter along the EMC, a frequent short period
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(2-4 days) with wind speed exceeding 17 m s~! accompa-
nied by severe weather conditions occurs between sunny
spells or clear time intervals (Nawat). Following EAMS
(2021), 21 frequent Nawat intervals have been identified
over EMC, extending from the 17th of October to the 3rd
of April. In general, all Nawat periods are associated with
cold fronts accompanied by a sudden fluctuation of wind,
usually to the N or NW. In the summertime, EMC is charac-
terized by warm, good weather. The Asian anticyclone in
summer extends westwards to Europe. Usually, it collides
with an Eastern extension of the Azores anticyclone and
cyclone over Syria, forcing the air to blow from north to
northwest over the eastern Mediterranean region.

The study area has two important regional winds: the
Scirocco (Khamasin) and Meltemi (Etesians) over EMC.

Scirocco (Khamasin) is a hot, dry desert wind blowing
over North Africa. This Khamasin wind blows in front
of the Mediterranean depressions passing from west to
east along the Mediterranean Sea. When the center of
these Mediterranean depressions travels from south to
north, the accompanying wind is known as Scirocco. In
this case, the Scirocco wind takes up water vapor from the
Mediterranean Sea during its pass northward and turns
into a warm and moist wind. Khamasin wind has various
names according to the places they pass by; for example, in
Libya, it is known by Ghibli, while over-Palestinian, Jordan,
and Syria, it is known by Simoom (Egyptian Naval Forces,
1962).

The Meltemi (Etesians) is a katabatic, strong, dry wind
blowing from the Black and Aegean Seas to the EMC re-
gion. Over EMC, the Meltemi wind blows from the North-
west direction, and thus, this wind moderates the high air
temperature (Egyptian Naval Forces, 1962). According
to Zecchetto and De Biasio (2007), the Meltemi wind is
characterized by high steadiness and low wind variability.

1.3 Relative humidity (RH)

Sallam and Elsyed (2015) showed that the relative humid-
ity over the Nile Delta coast from 2010 to 2013 fluctuated
between 60% during April-June to 75% during January.
Moreover, the monthly mean relative humidity over Alexan-
dria (2007-2018) showed a significant monthly variation
ranging from 77.6% during July/2009 to 57.3% during
January/2008, with an annual average of 64.9% (Mahfouz
et al, 2020). On the other hand, El-Geziry et al. (2021)
stated that the mean relative humidity (2007-2019) was
70.2, 68.7, 73.0, 68.4, and 70.4% in Marsa Matrouh, Ras El
Tin, Abu Qir, Port Said, and El Arish, respectively.

1.4 Sea level pressure (SLP)

According to Hamed (1983), the Egyptian Mediterranean
coast shows significant SLP seasonal variation ranging
from 1005.8-1013.9 hPa in summer to 1004.0-1025.3 hPa
in winter. Moreover, Shaltout et al. (2013) showed that
the ERA-Interim closely matches SLP observation. They
also indicated that the Average Annual SLP (1978-2010)

4/25

along the Egyptian Mediterranean coast showed a spatial
variation ranging from 1013.12-1015.47 hPa, generally
decreasing from west to east. The current SLP described
a general negative trend of 0.305 hPa decade !, which is
expected to continue up to 2100 with an uncertainty of
0-0.6 hPa decade ! (Shaltout et al., 2013). Specifically, the
monthly SLP over Alexandria (2007-2018) showed signif-
icant monthly variations ranging from 1005.9 hPa during
July/2012 to 1022.2 hPa during January/2007 (Mahfouz
etal.,, 2020). They also showed that SLP over Alexandria
has a significant annual variation, where the highest value
was 1032.3 hPa during 2007, and the lowest value was
998.2 hPa in 2018 (annual average SLP was 1013.5 hPa).

A summary of previous studies regarding T2m, RH, SLP,
and surface wind fields, examining their average/trends
across various cities along the EMC, are tabulated in An-
nex 1.

The current research used statistical downscaling tech-
niques to project the future climate along EMC over Marsa
Matrouh, Ras EI-Tin, Abu Qir, Port Said, and EIl Arish. First,
the observed data was used to describe the current short-
term weather variabilities from 2007 to 2020. Secondly,
the current research qualifies the use of ERA5 in captur-
ing T2m, Rh, SLP, and surface wind fields. Third, 42 years
(1979-2020) of ERAS after bias removal are used to de-
scribe the current long-term climate variability. Finally,
EMC’s future climate is projected using a statistical down-
scaling technique through the four different CMIP5 sce-
narios. The materials and methods used are presented in
section 2, the results and discussion in section 3, and the
conclusions in section 4.

Despite the extensive previous studies to analyze the
current status of atmospheric parameters along EMC, short-
period studies seem to be a common problem in previous
analyses of the recent atmospheric components. Thus,
there is a need for more comprehensive and long-term
studies to understand the recent changes to gain a better
understanding of the recent changes in atmospheric pa-
rameters. On the other hand, there are limited climatic
modeling studies along EMC, most of which depend on the
analyses of regional climatic models. Analyzing statistical
downscaling will support the previous modeling results
and open a discussion for better study for future uncer-
tainty. One approach to solve this problem involves using
statistical downscaling that has emerged from analyzing
42 years of current atmospheric characteristics together
with statically projecting these atmospheric characteristics
up to 2100.

For our first goal, we focus on solving the previously
mentioned problems. After solving these problems, we can
show whether the EMC region warms more or less than
neighboring regions. Thus, the current research findings
will be of wide interest and will provide valuable data for
policymakers and decision-makers in developing effective
strategies and policies to adapt to changing climatic con-
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ditions. Section 2 presents the materials and methods,
while Section 3 displays the results. Section 4 presents the
discussion and conclusions.

2. Material and methods

This paper used observation data to describe short-term
atmospheric variability for T2m, RH, and SLP, as well as sur-
face wind field components (eastward wind (U10), north-
ward wind (V10), and SLP along EMC. Moreover, the long-
term characteristics of the studied atmospheric parame-
ters were analyzed using the ERA5 database after remov-
ing the bias. For the projection of future scenarios, statisti-
cal downscaling for the Geophysical Fluid Dynamics Lab-
oratory (GFDL) mini-ensemble means was used to study
the future projection over the study area (Figure 2).

2.1 Material

2.1.1 Observed data

Five Automated Weather Observing Systems (AWOS) along
EMC were used to collect T2m, RH, SLP, U10, and V10 at
Marsa Matrouh, Ras EI-Tin, Abu Qir, Port Said, and El Arish,
as seen in Figure 1 and Table 1. AWOS is installed and
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maintained according to WMO regulations. All readings are
calibrated to WMO standard height (Table 1). The standard
heightis 0 m for SLP, 2 m for T2Zm and RH, and 10 m for U10
and V10. These five stations are well spatially distributed
along EMC and extend from 2007 to 2020 on an hourly
basis with 0% of missed data, showing the pioneers of the
used data.

2.1.2 ERAS database

Hourly data on T2m, RH, U10, V10, and SLP from 1979
to 2020 were obtained freely from the European Eyes on
Earth (Copernicus) website (https://cds.climate.copernic
us.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?ta
b=form).

ERAS data, which is distributed by the Copernicus Cli-
mate Change Service (C3S) and produced by the European
Center for Medium-Range Weather Forecast (ECMWF),
were intended to improve on the success of the earlier
issues (e.g., ERA-Interim and ERA40) and improve atmo-
spheric parameters (C3S, 2017; Hersbach and Coauthors,
2020), with a finer spatial grid of 0.25°x 0.25° and tempo-
ral hourly resolution. After validation with observations,
this data is used to analyze long-term trends of the stud-

ERAS Reanalysis data (0.25 deg x 0.25 deg) [Swiface Aw Temperature
(T2m), Relative Humidity (RH). Sea Level Pressure (SLP). and suiface
wind regime (T&V), for 42 years (1979—2020)].

Hourly Observations

(2007—2020) to describe
the short term current
weather Vanabilities (T2m,
EH. SLP and wind regume)

Corrected homrly ERAS (1979—2020)

to describe the long -term current weather Variabilities (T2m.

RH, SLP and wind regime).

using CDF bias

correction method

l Daily Average (2007- 2020) J

GFDL mini -ensemble means.

Daily (2006—2100)

<

Corrected GFDL mini -ensemble means (2006—2100)

to describe the future projection

using CDF bias correction

m ethod

(Statistical downscaling )

Figure 2. The theoretical framework (workflow).
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Table 1. Elevations and positions of coastal Meteorological working stations (period of recorded data for all stations
from 1st of January 2007 until the end of December 2020). The identification numbers (IN) 1 to 4 are also included in

relation to Figure 1.

Station Height above Geographic position International station
Names IN  sealevel [m] Latitude Longitude number
Marsa Matrouh 1 20 31°21’34”  27°14743" 62304
Ras El Tin 2 21.95 31°11’50”  29°51749” 62317
Abu Qir 3 26.6 31°19’55”  30°5'6” 62320
Port Said 4 19.75 31°15’19”  32°18’17” 62334
El Arish 5 15 31°08’54”  33°49'27” 62331

ied atmospheric variables. Moreover, this data is used to
statistically downscale global climate simulations over the
five studied stations.

2.1.3 Modeled data (2006-2100)

The GFDL climate model simulation of surface air tempera-
ture (Tas), RH, SLP, U10, and V10 for the period 2006-2100
were extracted from three prototype models: GFDL-ESM2M
(Dunne etal.,, 2012, 2013) GFDL-CM3 (Griffies et al.,, 2011),
and GFDL-ESM2G (Dunne et al., 2012, 2013). These simu-
lations are available on the GFDL website (ftp://nomads.g
fdl.noaa.gov/CMIP5/outputl/NOAA-GFDL) through four
CMIP5 emission scenarios with a coarse grid resolution of
2°x 2.5°.

2.2 Methods

Observed data and the ERAS database, together with the
results from three different realizations based on the GFDL
(Global Climate Model) configuration, were used to analyze
recent and future variabilities for T2m, RH, 10 m height
wind speed (WS,,), wind direction (WD,,), and SLP from
1979 to 2100.

Due to the absence of actual surface relative humidity
(RH) data in the ERAS (available only at the vertical level,
not at the surface) and climate model output data sets, we
calculated it based on T2m and surface dew point temper-
ature (d2m) according to (Alduchov and Eskridge, 1996)
as mentioned in Equation (1).

17.625xd2m(°C)
- 100 x exp (Wam(m)

(1)
17.625xT2m(C)
exp (243.04+T2m(°C)>

2.2.1 Observation

The observed T2m, RH, WS, ,, and SLP data were subjected
to statistical analyses (mean, standard deviation, mini-
mum, and maximum) to investigate its temporal variation
on hourly, daily, monthly, and annual bases. In addition, the
wind rose is used similarly to describe temporal variation
in WDy,.

2.2.2 The CDF approach

In accordance with Vigaud et al. (2013), the CDF approach
can be used as follows: For weather station, let F}, repre-
sent the CDF of observed local data from 2007 to 2020;

L, represent the CDF of ERAS5 outputs bi-linearly inter-
polated at the exact station location; GG}, represents the
CDF of GFDL mini-ensemble mean bi-linearly interpolated
at the same station location for the same period; and Ff
and G represent their corresponding values for the fu-
ture (2020-2100) GFDL mini-ensemble mean outputs and
observed outputs, respectively. Based on the presumption
that a transformation 7" exists, transforming the CDF of
ERA5/GFDL mini-ensemble mean variable (predictor) into
the CDF representing the observation (predictand) at the
specified weather station, the bias correction technique is
implemented 7: [0, 1] — [0, 1]

T(Ey(x)) = (Fy(z)) (2)

Replacing x by E; ! (u) in Equation (2) with u € [0,1] al-
lows the following definition for the transform T

T(u) = F,(E, " (u)) (3)
Similarly,
T(u) = F,(G}," (u)) (4)

Assuming that this later relationship remains valid in the
future (i.e. F; = T (Gy)), the researched CDF is given by:

Fyto) = £ (63 (G))) (5)

2.2.3 ERA5

Direct comparisons of the hourly-observed data and ERA5
are used to test the efficiency of ERAS over the studied five
stations. Moreover, the f- and t-tests are used to examine
whether ERAS and the observations display equal means
and variances (come from the same population) or not at
a 95% significance level. In addition, ERA5 databases are
subjected to CDF bias correction between ERA5 and ob-
servation over 2007-2018 (calibration period). The years
from 2019 to 2020 are used for the validation processes
between ERAS and observation.


ftp://nomads.gfdl.noaa.gov/CMIP5/output1/NOAA-GFDL
ftp://nomads.gfdl.noaa.gov/CMIP5/output1/NOAA-GFDL

Statistical downscaling of global climate projections ...

The present strategy for bias correction is to match
the cumulative distribution function (CDF) of the observa-
tions to the CDF of the ERAS database at the station level
(Equation (3)). The spatial mismatch between the point
observation and the ERAS grid cell is challenging in this
bias correction. Only stationary points were analyzed in
the current study. Therefore, our strategy is not affected
by this challenge. Moreover, calibration and validation
techniques are used to test the efficiency of ERA5 and to
describe the weather characteristics of the five stations
studied. Many researchers have used this strategy. Anag-
nostou et al. (1999) used the CDF strategy to adjust the
satellite microwave for monthly rainfall estimates statis-
tically. Furthermore, Wood et al. (2002) used the CDF
technique for long-range hydrologic forecasting. Reichle
and Koster (2004) used this strategy to match the CDF be-
tween satellite retrievals and model soil moisture. Finally,
Bawadekji et al. (2022) used this strategy to match the
CDF between observed and ERAS atmospheric parameters
along the Red Sea Saudi Arabia coast.

A boxplot analysis is used to visually show the distri-
bution of C_LERA5 (ERAS after bias removal) by presenting
the data quartiles and averages on a monthly basis. Box
plots display 1) the minimum value, 2) the lower quartile,
3) the median, 4) the upper quartile, and 5) the maximum
value, as stated by Williamson et al. (1989).

A linear trend analysis, based on the ERA5 after cor-
rection (hereafter, C_ERA5) from 1979 to 2020, is used to
characterize the current long-term climate along EMC over
the studied five stations. Moreover, the non-parametric
Mann-Kendall test (Mann, 1945; Kendall, 1975) is used to
detect monotonic trends in C_ERAS to examine whether
C_ERAS follows a significant (monotonic) trend or not. The
limitations of the Mann-Kendall test are frequently asso-
ciated with serial correlation data. The term “serial cor-
relation” refers to the relationship between two variables
with various lag periods. Each observation is independent
of the other if the serial correlation of a variable is 0. If the
serial correlations tend to be one, the observations are seri-
ally correlated, and the Mann-Kendall test will not identify
monotonic trends (Wang et al., 2020). A trend-free pre-
whitening technique was used to avoid this limitation in
the studied atmospheric parameters (Ahmed et al., 2015).

In addition, the studied atmospheric parameters are
analyzed to establish the dates of the historically most
extreme events (date of the maximum/minimum values)
based on the C_ERAS5 hourly data. The surface relative hu-
midity value by itself is a relatively useless term without
the accompanying temperature value. Thus, the temper-
ature humidity index (THI; Liljegren et al., 2008) will be
used instead of relative humidity to determine extreme
heat stress events.

THI = T2m — 0.55(1 — [RH/100])(T2m — 14.44) (6)
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in which T2m is in °C and RH in %.

The levels of risks corresponding to given heat stress
were classified according to the THI (°C) values and are
reported by Liljegren et al. (2008) as follows:

(i) THI(°C) < 27: Safe.

(ii) 27 < THI(°C) < 32: Heat fatigue is possible with
prolonged exposure and activity.

(iii) 32 < THI(°C) < 41: Sunstroke and heat exhaustion
are possible with prolonged exposure and activity.

(iv) 41 < THI(°C) < 54: Sunstroke and heat cramps are
possible.

(v) THI(°C) > 54: Sunstroke, heat stroke, heat confu-
sion, or delirium are possible.

Furthermore, by splitting the complete range of the
hourly data into a limited number of intervals (bins equal
to 1°C for T2m and THI, 0.5 m s! for WS,,, and 0.5 hPa
for SLP), the histogram is utilized to depict the probability
density of hourly data values. The horizontal axis indicates
the probable range of daily data values in the current study,
while the vertical axis reflects the frequency of occurrence
[%].

2.2.4 Statistical downscaling for future projection
Often, before conducting any research on the effects of cli-
mate change, climatic simulations must be adjusted. Specif-
ically, the output of Global Climate Models (GCMs) might be
affected due to systemic biases inherent in the model. Reg-
ular temperature deviation is one of the common problems.
These biases result from factors like low geographical res-
olution, oversimplified thermodynamic processes, and in-
sufficient understanding of the Earth’s climate system. Ac-
cording to the Copernicus website (https://climate.cope
rnicus.eu/sites/default/files/2021-01/infosheet7.pdf;
accessed on June 3rd 2024), using uncorrected model out-
puts in impact assessments can result in inflated forecasts.
Therefore, considering the variations in the mean and vari-
ability between GCM and observations during a reference
period, the Bias Correction technique is employed to cor-
rect the projected raw GCM output (Vaittinada Ayar, 2021).
The results of the three GFDL realizations are averaged
to calculate the GFDL mini-ensemble mean from 2006 to
2100. Then, the CDF of daily observation is matched with
the CDF of the daily GFDL mini-ensemble mean under a
control period (2007-2020) to describe a simple statistical
model for bias removal from GFDL mini-ensemble mean
simulation (Equation (4)). This statistical model is used
to statistically downscale the studied atmospheric four pa-
rameters up to 2100 under different future RCPs scenarios.
The statistically downscaled GFDL mini-ensemble mean
simulations (hereafter, S_D_GFDL mini-ensemble mean)
were used to calculate atmospheric future projection with
better accuracy and validity along EMC (Equation (5)). The


https://climate.copernicus.eu/sites/default/files/2021-01/infosheet7.pdf
https://climate.copernicus.eu/sites/default/files/2021-01/infosheet7.pdf
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future projections for the studied atmospheric parameters
under the four RCPs scenarios were calculated using the
30-year running average.

According to Moss et al. (2010), four potential climate
scenarios by 2100 are included in the Representative Con-
centration Pathways (RCPs). RCP2.6, RCP4.5, RCP6.0, and
RCP8.5 are among them; the number indicates the extra
radiative forcing (watts/square meter) in 2100 compared
to preindustrial times. A scenario with global warming
considerably below 2°C relative to pre-industrial temper-
atures is described by RCP2.6. Another depicts a bleak
future where there is no climate mitigation strategy and a
heavy reliance on fossil fuels, which will result in a temper-
ature of almost 5°C by the end of the century, as described
by RCP8.5.

Hausfather and Peters (2020) claim that the world en-
visioned in RCP8.5 is one that gets more improbable with
every passing year. They also claim that current emis-
sions are in line with median scenarios. However, the
current research only used the RCP8.5 scenario to inves-
tigate an improbable, high-risk future similar to Riahi et
al. (2010).

3. Results

3.1 Observed data

3.1.1 Monthly time series

Monthly average time series for T2m, RH, WS,,, and SLP
based on hourly Observed data (2007-2020) over Marsa
Matrouh, Ras EIl-Tin, Abu Qir, Port Said, and El Arish were
shown in Figure 3. Moreover, the wind rose as a graphic
tool is used to give a clear image of how WD,, changed
monthly (Annex 2).

Marsa Matrouh

T2m data illustrated that January 2012 (12.3°C) was the
coldest month, while August 2015 was the warmest month
(27.9°C), as shown in Figure 3A. Likewise, RH data shows
that the maximum monthly RH (79.6%) occurred during
July 2013, whereas February 2020 had the lowest one
(53.3%), as illustrated in Figure 3B. Additionally, WS, , data
shows that January 2019 describes the windiest month
(7.4 m s~ 1), while November 2010 describes the calmest
month (2.6 m s™1!), as noticed in Figure 3C. Normally, SLP
data discloses that January 2012 describes the minimum
monthly SLP (1008.6 hPa), while January 2017 depicts the
highest one (1023.0 hPa), as seen in Figure 3D.

Abu Qir

T2m data shows that January 2012 (14.0°C) is the cold-
est month, while August 2015 (28.5°C) is the warmest
month, as shown in Figure 3A. The RH data also confirmed
that July 2020 (81.7%) had the maximum monthly RH
mean, while February 2010 (63.8%) had the lowest rate,
as illustrated in Figure 3B. Figure 3B. Likewise, WS, data

8/25

reveals that January 2020 (8.4 m s~!) describes the windi-
est month, while August 2017 (3.9 m s~!) describes the
calmest month, as noticed in Figure 3C. Additionally, SLP
data reveals that December 2015 (1022.0 hPa) describes
the maximum monthly SLP, while July 2012 (1006.6 hPa)
describes the lowest one, as shown in Figure 3D.

Ras EI-Tin

T2m data reveals that January/2019 (14.2°C) is the coldest
month, while August 2015 is the warmest month (29.1°C),
as shown in Figure 3A. Likewise, RH data shows that July
2010 had the maximum monthly RH mean (77.6%), while
January 2008 had the lowest one (57.3%), as seen in Fig-
ure 3B. In addition, WS, data shows that January 2020
describes the windiest month (8.3 m s~!), while August
2007 describes the calmest month (2.8 m s 1), as illus-
trated in Figure 3C. Generally, SLP data reveals that January
2007 describes the maximum monthly SLP (1022.2 hPa),
while July 2012 describes the lowest one (1005.9 hPa), as
noticed in Figure 3D.

Port Said

T2m data illustrated that January 2015 (13.6°C) is the
coldest month, while August 2015 is the warmest month
(29.5°C), as shown in Figure 3A. Similarly, RH data showed
that August 2010 had the maximum monthly RH mean
(74.4%), while November 2016 had the lowest one (60.2%),
as shown in Figure 3B. In addition, WS, data reveals that
March 2020 is the windiest month (6.2 m s~!), while De-
cember 2020 is the calmest month (3.2 m s~!), as noticed
in Figure 3C. Additionally, SLP data reveals that January
2007 describes the maximum monthly SLP (1023.1 hPa),
while July 2012 describes the lowest one (1007.2 hPa), as
shown in Figure 3D.

El Arish

T2m data showed that January 2008 (12.0°C) was the cold-
est month, while August 2015 (29.3°C) was the warmest
month. Likewise, RH data confirmed that July 2007
(78.7%) had the maximum monthly RH mean, while Jan-
uary 2019 (59.9%) had the lowest one. Furthermore, WS,
data reveals that March 2007 (5.8 m s—!) describes the
windiest month, while November 2018 (2.8 m s—') de-
scribes the calmest month. Generally, SLP data showed
that December 2015 (1022.2 hPa) describes the maximum
monthly SLP, while August 2008 (1005.4 hPa) describes
the lowest one.

In general, the annual average T2m along the EMC
reaches its maximum value over Port Said (22.0°C) and its
minimum value over Marsa Matrouh (20.5°C), following
the pattern that the annual average T2m increases gradu-
ally from Marsa Matrouh to Port Said then decreases again
toward El Arish.

On the other hand, the annual average RH over Ras El
Tin and Port Said showed a similar value (RH = 68.5%),
partially due to the similarity of land use around the two
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Figure 3. Monthly average time series for the parameters understudy is based on hourly observed data (2007-2020)
over Marsa Matrouh, Abu Qir, Ras El Tin, Port Said, and El Arish.

stations (sea from the Northern directions and populated
area from the Southern side). Likewise, the annual av-
erage of RH over El Arish and Marsa Matrouh is similar
(RH = 70.4%), partially due to the similar nature of these
two stations (sea from the Northern direction and desert
from the Southern part). The maximum annual average
of RH along the five stations occurred over Abu Qir (RH =
73.2%), partially attributed to the location of the Abu Qir

station, which is located at the end of the pier that extends
into the sea.

Regarding the WS, horizontal distribution, the annual
average WS, along with the EMC, reaches its maximum
value over Abu Qir (5.9 m s~!) and Ras El-Tin (5.5 m s71).
The minimum annual average WS, value (4.2 m s~ ') was
recorded across El Arish stations.

Regarding SLP horizontal distribution, the annual av-
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erage SLP along the EMC reaches its maximum value over
Marsa Matrouh and Port Said (1015 hPa) and its minimum
value (1013.6 hPa) over Abu Qir, Ras El-Tin, and El Arish
stations. This refers to the complexity of the SLP system
along the EMC, where the maximum value was recorded
in the western section (Marsa Matrouh station), followed
by a gradual decrease until Abu Qir, then a rise until Port
Said, then a decrease again until El Arish.

3.1.2 Annual, monthly, and hourly cycle

Over Marsa Matrouh, Abu Qir, Port Said, and El Arish sta-
tions, the hottest year is 2010, while over Ras El Tin, the
hottest year is 2018. Likewise, the coldest year is 2011
(2007) over the Western (Eastern) side of EMC. According
to RH analysis, the highest annual average RH along EMC is
2020 over Marsa Matrouh, Abu Qir, and Port Said stations,
2013 over Ras El Tin, and 2007 over El Arish. On the other
hand, the lowest annual average RH along EMC occurred
during 2010, 2008, 2007, 2009, and 2019 over Marsa Ma-
trouh, Abu Qir, Ras El Tin, Port Said, and El Arish stations,
respectively. Furthermore, the maximum annual average
of WS, along EMC occurred during 2020 over Marsa Ma-
trouh, 2019 over Abu Qir and Ras El Tin, and 2007 over
Port Said and El Arish, partially dividing the study area into
three patterns. The minimum annual average of WS, oc-
curred in 2011 over Marsa Matrouh and Port and occurred
in 2008, 2007, and 2019 over Abu Qir, Ras El Tin, and El
Arish stations, respectively. Finally, the maximum annual
average of SLP along EMC shows a similar pattern over
Marsa Matrouh, Abu Qir, and El Arish, where the maximum

Al —— Average Air Temperature (*C) over Marsa Matrouh
~—— Average Air Temperature (*C) over Ras El Tin
——Average Air Temperature (°C) over El Arish

Average Air Temperature (*C) over Abu Qir
~—— Average Air Temperature (*C) over Port Said
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(minimum) annual values occurred during 2015 (2010).
Over Ras El Tin and Port said, the maximum annual SLP
average occurred during 2017, while the minimum values
occurred during 2019 and 2010, respectively, as seen in
Table 2.

For the annual cycle (climate monthly average) as de-
scribed in Table 2 and Figure 4, the annual T2m cycle has
a maximum value in August and a minimum value in Jan-
uary, along with the five stations studied. The amplitude
of the T2m annual cycle describes a variation from 12.3°C
over the Abu Qir station to 14.5°C over the El Arish station.
The annual RH cycle had a maximum value in July, along
with the five stations studied. Meanwhile, the minimum
value occurred in February over Marsa Matrouh, in Novem-
ber over Abu Qir, Port Said, and in December over Ras El
Tin and El Arish. The amplitude of the RH annual cycle
describes a variation from 4.74% over the Port Said sta-
tion to 10.26% over the Marsa Matrouh station. According
to WS, analysis, its annual cycle has a maximum value in
March over Marsa Matrouh, Abu Qir, Port Said, and EI Arish
stations and in July over Ras El Tin. Likewise, the minimum
value happened in November over Marsa Matrouh, Ras El
Tin, Port Said, and El Arish stations and in August over Abu
Qir. The amplitude of the WS, annual cycle describes a
variation from 0.72 m s~! over El Arish to 1.39 m s~! over
Marsa Matrouh station. Finally, the annual SLP cycle has a
maximum (minimum) value that occurred during January
(July) along with the studied five stations. However, the
amplitude of the SLP annual cycle describes a variation

8] — Average Relative Humidity (%) over Marsa Matrouh Average Relative Humidity (%) over Abu Qir
—— Average Relative Humidity (%) over Ras €l Tin —— Average Relative Humidity (%) over Port Said
— Average Relative Humidity (%) over €l Arish
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Figure 4. Observed short-term monthly means (annual cycle) for the parameters understudy based on hourly observed

data (2007-2020).
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from 9.22 hPa over Marsa Matrouh to 11.19 hPa over Port
Said station.

The amplitude of the daily T2m cycle over El Arish
(7.01°C) is much higher than that over Marsa Matrouh
(5.4°C), Abu Qir (3.1°C), Ras El Tin (3.39°C), and Port Said
(4.76°C). Similarly, the amplitude of the RH daily cycle over
El Arish (21.81%) is much higher than that over Marsa
Matrouh (16.02%), Abu Qir (16.02%), Ras El Tin (12.08%),
and Port Said (20.20%). In the same way, the amplitude
of the WS, daily cycle reaches its maximum value (3.02
m s~ 1) over El Arish and its minimum value (1.28 m s~!)
over Abu Qir. Habitually, the amplitude of the SLP daily
cycle showed its maximum values (1.5-1.34 hPa) over the
Eastern part of the study area (El Arish and Port Said)
while showed its minimum values (0.84-0.92 hPa) over
the Eastern part of the study area (Abu Qir and Marsa
Matrouh) as shown in Table 2 illustrated in Figure 5.

In detail, the T2m showed a diurnal cycle along EMC,
whereas the minimum value occurred between 04:00-
05:00, and the maximum value occurred between 12:00-
13:00. T2m showed two patterns regarding the daily range,
where the daily range showed its maximum value over
cities with desert nature (Marsa Matrouh and El Arish).
Over the cities with agricultural nature (Abu Qir, Ras El Tin,
and Port Said), the daily T2m range showed its minimum
value (Figure 5).

Similarly, the RH showed a diurnal cycle along EMC,
which reached the maximum value at 4:00, and the mini-
mum value occurred between 11:00-14:00. The time asso-
ciated with the lowest values of RH changed smoothly from
the Eastern side of the study area (11:00) to the Western
side of the study area (14:00).

The WS, , showed a diurnal cycle along EMC, whereas
the maximum (minimum) value occurred between 13.00-
15.00 (01:00-05:00). The WS, daily range describes a
variety of values ranging from 1.3 m s~! over Abu Qir to
3.0 m s~ over El Arish.

The SLP showed a semi-diurnal cycle along EMC which
reached the maximum (minimum) value between 9-10
and between 21-22 (occurred between 3-4 and between
15-16). The observed short-term hourly means of SLP
showed two patterns were noteworthy: one for the West
(Marsa Matrouh, Abu Qir, and Ras El Tin) and the other for
the East (Port Said and El Arish), which attributed to the
pathway of the depressions from western point to North-
eastern towards Cyprus (called Cyprus Depressions).

The wind direction at 10 m height (WDyg)

The prevailing observed wind direction is coming from the
NNW direction at Marsa Matrouh and Ras EI Tin; however,
itis coming from the N direction at Abu Qir, Port Said, and El
Arish stations, as shown in Figure A2-1. It’s clear that ERAS
represents the observed wind direction well, especially
at Marsa Matrouh. Although the 45° (22.5°) clockwise
deviations from Observed and ERA5 results at Abu Qir (El
Arish).
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It is noted in El Arish that the southern winds are indi-
cated by the observed data, while the ERA5 data failed to
clarify these southern winds. Thus, an intensive analysis
was conducted in El Arish to monitor this Southern wind.
These southern winds are concentrated from November
to February, as seen in Annex 2 (Figure A2-6), and from
00:00-08:00 (data not shown) at El Arish with an average
wind speed of 2.90 + 1.03. This may be explained by the
effect of the land breeze, which dominates during the night
and winter. In addition, the nature of the El Arish area has
an average elevation between 400 to 500 meters towards
the south, which leads to enhancing the effect of the kata-
batic wind. In the other four cities, the southern wind was
not adequately monitored, which attracted our attention,
and we will address this in our next research.

In Marsa Matrouh (Figure A2-2), the Western wind is
predominant from December to February, while the NW-
NNW wind is predominant from March to September. Dur-
ing October and November, the Northern wind dominated.
At Abu Qir (Figure A2-3) and Ras El Tin (Figure A2-4),
the Northern wind dominated from September to Decem-
ber, while the Western wind prevailed during January and
February. In addition, the North’'s winds prevail again
from March to May. From June to August, the NW wind
prevails.

The prevailing winds at Port Said (Figure A2-5)) fluctu-
ated between northern and western winds from December
to February. For the rest of the year, the Northern wind
dominated.

In Arish (Figure A2-6), Southern winds prevail from
November to January. During the following month (Febru-
ary), the prevailing winds fluctuated between Northern
and Southern winds. The prevailing winds blow
from the north during the other eight months (March to
October).

3.2 ERAS reanalysis data

3.2.1 ERAS calibration

To evaluate the convenience of using ERAS5 in describing
the atmospheric parameters over Marsa Matrouh, Ras El
Tin, Abu Qir, Port Said, and El Arish, a comparison was
carried out between ERAS datasets and observation data
covering the observation period from 2007 to 2018 (Ta-
ble 3 and Figures A2-2-A2-6).

In general, the ERAS reanalysis data closely matched
the observations of the five studied stations. ERA5 lower
estimate of T2m observation at Abu Qir, Ras El-Tin, Port
Said, and El Arish by 0.4°C, 0.7°C, 0.5°C, and 0.4°C respec-
tively. However, the ERA5 overestimates T2m at Marsa
Matrouh by 0.1°C. Furthermore, the ERA5 lower estimate
RH observation at Marsa Matrouh by 3.6% and Abu Qir by
1.8%. Meanwhile, ERA5 overestimated RH at Ras EIl-Tin,
Port Said, and El Arish by 3.5%, 1.1%, and 0.6%, respec-
tively. Regarding the WS,,, ERA5 underestimates WS,
at Marsa Matrouh, Abu Qir, Ras El-Tin, and Port Said by
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Figure 5. Observed short-term hourly means (daily cycle) for the parameters understudy based on hourly observed data

(2007-2020).

0.1ms! 1.5ms} 03 ms !, and 0.2 m s, respec-
tively. ERAS5 showed an identical average value to the
observed WS, in El Arish. Moreover, the ERAS datasets
lower the estimated SLP observations at Marsa Matrouh,
Port Said, and El Arish by 1.1 hPa,1.3 hPa, and 0.2 hPa, re-
spectively. In the other stations, ERA5 overestimated SLP
at Abu Qir by 0.4 hPa and Ras El-Tin by 1 hPa, as shown in
Table 3.

At a 99% significance level, statistical tests (t- and f-
tests) indicated that ERAS5 and observed datasets of T2m,
RH, WS, and SLP values come from two equal distribu-
tions of mean and variance. Despite smoothing the pro-
cessing of ERA5, which decreases the agreement between
ERAS and observed wind direction both datasets are in
good agreement (Figures A2-2-A2-6).

3.2.2 ERAS bias correction

To remove the ERAS bias, CDF bias correction is applied to
match the CDF of the ERAS to the CDF of the observation
from 2007 to 2018, as seen in Annex 3 (Figure A3-1). This
technique preserves the nature of the data by adjusting
the bias to zero, and the correlation value can be changed
due to non-linear quantile bias correction. This strategy
was applied for the long-term ERAS5 database to calculate
the corrected ERAS reanalysis data (C_ERAS) over the five
studied stations. Figure A3-1 proves the current results
that ERAS reanalysis data more reasonably simulates the
current atmospheric parameters over all stations as the
three curves of observations, ERA5 and C_ERAS5, are so
close. Moreover, we used the validation strategy to check
the efficiency of using the C_ERAS5 over the studied stations

(as seen in section 3.2.3).

3.2.3 ERAS validation

In this section, the validation is used to evaluate whether
a calculated statistical model during the calibration pe-
riod is appropriate or not. Table 4 shows the compari-
son between ERA5 and C_ERAS in describing the weather
characteristics over the studied five stations. It’s evident
that the C_ERAS5 showed a lower bias with the observa-
tion than ERA5 did. However, the correlation between
the C_ERAS and observation showed a similar value as
ERAS did. Therefore, using C_ERAS is useful and valid
for describing the long-term current weather characteris-
tics and gives a better weather description of the studied
stations.

3.2.4 C_ERAS statistical analyses

Boxplot analysis

All the studied meteorological parameters exhibit a sig-
nificant monthly variation. The 75th percentile of T2m
occurred in August over all the studied stations. While
the 75th percentile of WS, and SLP occurred through De-
cember and January, as seen in Figures 6, 7 and 8, along
the Egyptian Mediterranean Coast. On the other hand, the
75th percentile of RH occurred in hot months (June, July,
and August), where the 75th percentile of RH is so close
during these months at the studied stations as illustrated
in Figure 9. Moreover, the outliers’ values for T2m and
WS, are mostly above the upper quartile values, while the
outliers’ values for RH are mostly below the lower quartile
values. In the same context, the outliers’ values for SLP are
distributed above the upper quartile and below the lower
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Table 3. Comparison analysis between observed and ERAS5 (for the calibration period; 2007-2018) weather vari-
ables over Marsa Matrouh, Abu Qir, Ras El Tin, Port Said, and EI Arish: n = number of observations, R = correlation

coefficient.
n R [%] Minimum Maximum Annual mean +
standard deviation of
Variables the annual cycle
Marsa Observed 5.2 43.4 20.6+5.3
Matrouh ERAS 105192 958 5.1 44.2 20.74+5.9
. Observed 7.4 38 21.514+4.8
_ Abu Qir ERAS 105096 973 7.0 36.7 21.07 + 4.7
Surface air temperature
(T2M, °C) . Observed 7 41 21.84+4.9
Ras El Tin ERAG 105192 97.7 8.2 337 211+ 45
. Observed 5.4 40.7 22.1+54
Port Said ERAS 105192 97.8 76 376 216448
. Observed 2 45 21.6+6.0
El Arish ERAG 105192 95.9 6.9 36.6 212 £50
Marsa Observed 4.0 100 70.44+13.0
Matrouh ERAS 105192 69.8 5.7 100 66.84+17.5
. Observed 15 100 73.2+9.3
) . Abu Qir ERA5 105096 701 18 99.9 7144111
Relative humidity (RH,
%) . Observed 11.0 99.0 68.81+10.4
Ras El Tin ERAS 105192 758 153 100.0 723499
. Observed 12.0 100 68.5+11.1
Port Said ERAS 105192 767 15.7 100 69.6+ 112
. Observed 4 100 70.54+13.1
El Arish ERAS 105192 764 15.6 100 7114119
Marsa Observed 0.0 25.4 49+3.0
Matrouh ERAS 105192 74.2 0.0 16.3 48+2.1
. Observed 0.0 24.3 6.0 +2.8
_ Abu Qir ERAS 105096 777 0.0 16.7 45419
Surface wind speed
(WS, ms™1) . Observed 0.0 24.8 54+29
10 Ras El Tin ERAS 105192 76.9 0.0 18.6 51122
. Observed 0.0 21.6 49+2.2
Port Said ERAS 105192 71.0 0.0 157 47120
. Observed 0.0 27.0 42424
El Arish ERAS 105192 65.5 0.0 176 42422
Marsa Observed 999.5 1034.8 1015.0 - 4.6
Matrouh ERAS 105192 976 998.2 1034.9 1014.9 £ 5.0
. Observed 992.6 1033.1 1013.8+4.9
Abu Qir ERAS 105096 983 990.8 1033.3 1014.245.0
Mean sea level pressure
(SLP, hPa) . Observed 988.4 1032.3 1013.3 +4.8
Ras El Tin ERAS 105192 978 990.9 1033.5 1014.3+5.0
. Observed 995.9 1033.9 10149+4.9
Port Said ERAS 105192 990 993.6 1032.9 1013.6 4+ 5.1
. Observed 996.6 1031.8 1013.7 +5.0
El Arish ERAS 105192 986 996.0 1033.0 1013.5+5.1

quartile values.

Annual trend analysis

C_ERAS datasets (1979-2020) demonstrate that the an-
nual average of T2m, RH, WS, ,, and SLP over the studied
stations reveals a significant spatial variation, as noticed
in Table 5. In the same context, the T2m experienced a
positive monotonic trend over the five studied stations. In
contrast, the other studied three parameters (RH, WS,

and SLP) over most of the studied stations confirmed a neg-
ative monotonic trend. The only exceptions are RH over
Marsa Matrouh and WS, over El Arish, which confirm a
non-monotonic trend.

In detail, for the period from 1979 to 2020, the warm-
ing trend along the study area showed a spatial variation
and reached its maximum value along the western side
of the study area. Likewise, RH experienced a negative
trend along EMC ranging from —0.695% decade™! to non-
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significant value where the maximum decrease in RH is
expected to be along the western side of the study area. In
the same context, WS, , presented a negative trend along
EMC varied from a non-significant value to —0.053 m s !
decade! where the maximum decrease is expected to be
over the central part of the study area. Finally, SLP experi-
enced a negative trend along the study area and reached
its maximum at Marsa Matrouh (—0.127 hPa decade™*)
followed by a gently decrease up to El Arish (—0.114 hPa
decade!) as seen in Table 5.

The probability of occurrence

The percentage of occurrences during the hottest hours
(mean + 2 x standard deviation) is 1.36% (>30.8°C),
0.44% (>30.6°C), 0.72% (>30.9°C), 1.08% (>31.9°C), and
0.69% (>32.8°C) over Marsa Matrouh, Abu Qir, Ras El-Tin,
Port Said, and El Arish respectively as shown in
Figure 10A.

The percentage of occurrences during extreme hourly
THI events (mean + 2 x standard deviation) is 14.31%
(>27.7°C), 17.06% (>28.2°C), 18.12% (>28.3°C), 14.52%
(>29.2°C), and 13.57% (>30°C) over Marsa Matrouh, Abu
Qir, Ras El-Tin, Port Said, and El Arish respectively as shown
in Figure 10B.

The percentage of occurrences during the extreme hourly
W,, weather events (mean + 2 x standard deviation) is
5.17% (>109ms™'),4.24% (>11.4ms™'),4.05% (>11.2
ms!),1.94% (>9.3ms!),and 3.76% (>>8.8 ms~!), over
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Marsa Matrouh, Abu Qir, Ras El-Tin, Port Said, and El Arish
respectively as shown in Figure 10C.

The percentage of occurrences during the extreme high
of hourly SLP (mean + 2 x standard deviation) is 3.19%
(>1024.3 hPa), 3.05% (>1023.6 hPa), 2.61% (>1023.2
hPa), 2.87% (>1024.9 hPa), and 2.60% (>1023.7 hPa)
over Marsa Matrouh, Abu Qir, Ras EI-Tin, Port Said, and El
Arish respectively as shown in Figure 10D.

3.3 Statistical downscaling for future projection

This section examines the results of GFDL mini-ensemble
mean simulations using various RCPs scenarios for Tas
(surface air temperature in the future scenarios), RH, WS,
and SLP.

3.3.1 GFDL model bias correction under the control period,
2007-2020

The GFDL mini-ensemble mean overestimates Tas over
Marsa Matrouh, Abu Qir, Port Said, and El Arish by 0.11-
0.79°C as seen in Table 6. On the contrary, the GFDL mini-
ensemble mean underestimates Tas over Ras El-Tin by
0.94°C. In addition to that, the GFDL mini-ensemble means
underestimates RH over Marsa Matrouh, Abu Qir, Ras EI-
Tin, Port Said, and El Arish by 6.90-23.17%. Similarly, the
GFDL mini-ensemble means underestimates WS;, over
the studied stations by 0.78-2.09 m s~!. In the same con-
text, the GFDL mini-ensemble overestimates SLP over the
studied five stations by 4.20-6.73 hPa.
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Figure 6. Boxplot analysis for the studied air temperature (T2m) on a monthly basis. The red line in the interior of
the box shows the median value. The lower and upper endpoints of the box show the 25th and 75th percentiles. The
distance from the 25th to the 75th percentiles is abbreviated by IQR. An arm extending out of each side of the box shows
variability outside the upper and lower quartiles as each arm extends no more than 1.5 times the IQR. + sign shows the

value of the outlier.
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Figure 7. Boxplot analysis for the studied relative humidity (RH) on a monthly basis. Boxplot feature similar to
Figure 6.
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Figure 8. Boxplot analysis for the studied Wind Speed (WS;,) on a monthly basis. Boxplot feature similar to

Figure 6.

As shown in Annex 3 (Figure A3-2), a simple statistical
model was created by comparing the CDF of C_ERA5 with
the GFDL mini-ensemble means under a control period
(2006-2020) for the various RCPs scenarios in order to
overcome the underestimates/overestimates of the GFDL
mini-ensemble mean that are incomparable with C_ERAS5.
The bias adjustment for only RCP2.6 is shown in Annex
3 (Figure A3-2). However, due to the resemblance with
RCP2.6 during the control period, the bias correction for
RCP4.5, RCP6, and RCP8.5 is not displayed.

3.3.2 Future atmospheric parameters, 2006-2100

Based on the developed statistical model, which was ob-
tained by matching the CDF of the FDL mini-ensemble
mean with the CDF of the observation during the con-
trol period (2007-2020) for the various RCPs scenarios,
the GFDL mini-ensemble mean at each site for the period
2006-2100 was subjected to bias removal to calculate
S_D_GFDL mini-ensemble mean simulations (statistically
downscaled GFDL mini-ensemble mean). For each site
along with the EMC, the S_D_GFDL mini-ensemble means
that were calculated were utilized to compute the atmo-
spheric future projections with better accuracy. The 30-
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Table 4. The comparison between ERA5 and C_ERAS in describing the weather characteristics over the studied five

stations for the validation period (2019-2020).

Variables Stations Validation R[%] bias
Marsa Observed, ERAS 0.964 0.095
Matrouh Observed, Corr_ERA5 0.966 0.195
Abu Qir Observed, ERAS 0.979 0.346
Surface air Observed, Corr_ERAS 0.979 —0.085
temperature Ras I Tin Observed, ERAS 0.975 0.606
(T2M,*C) Observed, Corr_ERAS 0.975 ~0.08
Port Said Observed, ERAS 0.981 0.398
Observed, Corr_ERA5 0.981 —0.1
El Arish Observed, ERAS 0.962 0.239
Observed, Corr_ERA5 0.963 —0.161
Marsa Observed, ERA5 0.662 3.272
Matrouh Observed, Corr_ERA5 0.667 0.053
. Observed, ERAS 0.685 3.058

. Abu Qir
Relative Observed, Corr_ERA5 0.684 1.36
humidity (RH, Ras E1 Tin Observed, ERA5 0.777 ~3.889
%) Observed, Corr_ERAS 0.778 —0.45
Port Said Observed, ERAS 0.768 —0.844
ortval Observed, Corr_ERAS 0.768 0.267
El Arish Observed, ERA5 0.796 —1.783
Observed, Corr_ERA5 0.796 —1.311
Marsa Observed, ERA5 0.749 1.072
Matrouh Observed, Corr_ERAS5 0.75 0.946
Abu Qir Observed, ERA5 0.815 1.87
Surface wind Observed, Corr_ERAS 0.816 0.397
speed (WS1o, Ras El Tin Observed, ERAS 0.824 0.999
ms™) Observed, Corr_ERAS 0.825 0.509
Port Said Observed, ERA5 0.739 —0.034
Observed, Corr_ERA5 0.733 —0.193
El Arish Observed, ERA5 0.631 —0.768
Observed, Corr_ERA5 0.632 —0.727
Marsa Observed, ERAS 0.96 —0.307
Matrouh Observed, Corr_ERA5 0.96 —0.404
. Observed, ERAS 0.985 —0.462
Abu Qir

Mean sea Observed, Corr_ERA5 0.985 —0.103
level pressure Ras Bl Tin Observed, ERAS 0.95 —1.443
(SLP, hPa) Observed, Corr_ERAS 0.951 ~0.505
Port Said Observed, ERA5 0.987 1.236
Observed, Corr_ERA5 0.987 —0.026
El Arish Observed, ERAS 0.994 0.237
Observed, Corr_ERA5 0.994 —0.002

year running average was used to create future projections
for the investigated parameters through the four RCP’s
future scenarios.

S_D_ GFDL mini-ensemble means of projected Tas sce-
narios of up to 2100 denotes significant warming along
the Egyptian Mediterranean coast, notably for the RCP8.5
scenario over El Arish (Figure 11A). The projected warm-
ing at the end of the current century (with reference to
the 2006-2020 averages value) ranges from 1.43-1.86°C
under the RCP8.5 scenario, 0.92-1.17°C under the RCP6.0
scenario, 0.46-0.67°C under the RCP4.5 scenario and 0.08-

0.19°C under the RCP2.6 scenario.

Over Marsa Matrouh, S_D_GFDL mini-ensemble means
of projected RH scenarios up to 2100 describe a positive
trend (non-significant —0.46% decade™!). Over Ras El-Tin,
S_D_GFDL mini-ensemble means of projected RH scenar-
ios up to 2100 show a significant positive trend through
RCP2.6 and RCP4.5 scenario and a non-significant trend
through RCP6.0 scenario and a significant negative trend
through RCP8.5 scenario. Over Abu Qir, Port Said, and El
Arish, S_D_GFDL mini-ensemble means of projected RH
scenarios up to 2100 reveal a non-significant trend under
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Figure 9. Boxplot analysis for the studied Sea Level Pressure (SLP) on a monthly basis. Boxplot feature similar to

Figure 6.

Table 5. Long-term annual mean and trend analyses for corrected ERA5 weather variables over studied stations from
1979 to 2020. The non-parametric (Mann-Kendall test) is used to detect monotonic trends in Corrected ERA5 to examine
whether or not C_ERAS follows a significant (monotonic) trend.

Variables Annual mean + standard deviation of the annual cycle Trend Significant (monotonic) trend

Marsa Matrouh 20.2+5.3 0.309°C decade™! Yes

Surface air Abu Qir 21.0+438 0.405°C decade™! Yes
temperature Ras El Tin 2134438 0.442°C decade™! Yes
(T2M, °C) Port Said 21.3+5.3 0.534°C decade™* Yes
El Arish 20.8+6.0 0.566°C decade™! Yes

Marsa Matrouh 70.5+12.7 —0.024% decade™! No

Relative Abu Qir 73.249.7 —0.018% decade ! Yes
humidity (RH, Ras El Tin 68.8+10.9 —0.060% decade ™! Yes
%) Port Said 69.3+11.4 —0.557% decade™! Yes
El Arish 71.6+13.0 —0.695% decade ™! Yes

Marsa Matrouh 49+3.0 —0.023 ms ! decade! Yes

Surface wind Abu Qir 6.04+2.7 —0.051 ms~! decade™! Yes
speed (WS;,, Ras El Tin 56428 —0.053 ms~! decade™! Yes
ms 1) Port Said 49422 —0.014 ms ! decade?! Yes
El Arish 42+23 0.002m s~ ! decade™! No

Marsa Matrouh 1015.3 +4.5 —0.127 hPa decade ! Yes

Mean sea Abu Qir 1014.0 +4.8 —0.123 hPa decade™! Yes
level pressure Ras El Tin 1013.6 +4.8 —0.126 hPa decade™! Yes
(SLP, hPa) Port Said 1015.1+4.9 —0.117 hPa decade™! Yes
El Arish 10139+ 4.9 —0.114 hPa decade ™! Yes

RCP2.6 scenario and a significant negative trend under
RCP4.5, RCP6.0, and RCP8.5 scenarios (Figure 11B).

S_D_GFDL mini-ensemble means of projected THI sce-
narios of up to 2100 denote a significant positive trend
of risks regarding heat stress along the study area, most

markedly for the RCP8.5 scenario over El Arish (Figure 11C).

The projected increase in THI at the end of the current cen-
tury (with reference to 2006-2020 average value) ranges
from 1.64-2.09°C under the RCP8.5 scenario, 1.05-
1.31°C under the RCP6.0 scenario, 0.57-0.74°C under the

RCP4.5 scenario and 0.10-0.22°C under the RCP2.6 sce-
nario (Figure 11C).

S_D_GFDL mini-ensemble means of projected WS, , and
SLP scenarios up to 2100 confirm a non-significant change
up to 2100 (with reference to the 2006-2020 averages
value) through the different future RCPs scenarios as seen
in Figure 11D and 11E.

Through the study of four future scenarios, the highest
projected warming at the end of the current century with
reference to the 2006-2020 (hereafter century heating)
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Figure 10. The occurrence percentage of the parameters understudy based on hourly corrected ERA5 data (1979-2020)

along the study area.

Table 6.

Performance of GFDL mini-ensemble mean in the control period

(2007-2020) over Marsa Matrouh, Abu Qir, Ras El Tin, Port Said, and El Arish: only

the RCP2.6 scenario is used.

Annual GFDL mini-ensemble mean - Annual Corrected ERA5

Surface air Relative humidity Surface wind Mean sea level
temperature (RH, %) speed pressure
(T2m, °C) (WSyp, ms™1) (SLP, hPa)
Marsa Matrouh 0.11 —8.74t —0.78f 5.66"
Abu Qir 0.73 —23.17% —2.09t 5.30*
Ras El Tin —0.94 —6.90t —1.141 6.73*
Port Said 0.18 —18.48t —1.03f 4.20"
El Arish 0.79 —21.20f —0.96" 4.58*

" Data overestimating performance.
+ N
Data underestimating performance.

occurred over El Arish station. While through scenarios
RCP2.6 and RCP4.5, the lowest century heating occurred
over Marsa Matrouh station. But through the scenarios
RCP6.0 and RCP8.5, the lowest century heating occurred
over Abu Qir station. In detail, there is a significant spatial
variation in the difference between maximum and mini-
mum century heating (hereafter management uncertainty)
along EMC reaching 0.11°C in the RCP2.6 scenario, 0.20°C
in the RCP 4.5 scenario, 0.25°C in the RCP6.0 scenario, and
0.43°C in RCP8.5 scenario as seen in Figure 11A.

Similarly, the highest projected RH at the end of the
current century with reference to the 2006-2020 (here-
after century RH trend) occurred over Marsa Matrouh sta-
tion through RCP4.5, RCP6.0, and RCP8.5 scenarios. While
through the RCP2.6 scenario, the highest century RH trend
occurred over Ras El-Tin. On the contrary, the lowest cen-

tury RH trend occurred over the El Arish station through
RCP4.5, RCP6.0, and RCP8.5 scenarios. While through the
RCP2.6 scenario, the lowest century RH trend occurred
over Abu Qir station. However, through the RCP2.6 sce-
nario, the lowest century-RH trend occurred over Abu Qir
station. In particular, there is a significant spatial varia-
tion regarding management uncertainty of RH along EMC
reaching 0.09% through scenario RCP2.6, 0.74% through
scenario RCP4.5, 0.70% through scenario RCP6, and 0.96%
through scenario RCP8.5 as seen in Figure 11B.

In the same context, the highest projected THI at the
end of the current century with reference to the 2006-2020
(hereafter century THI trend) occurred over El Arish sta-
tion. Conversely, the lowest century THI trend occurred
over Marsa Matrouh station through RCP2.6 and RCP4.5
scenarios, while through RCP6.0 and RCP8.5 scenarios,
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reference to the 2006-2020 averages for the statically downscaled of the GFDL mini-ensemble mean simulations.

the lowest century THI trend occurred over Abu Qir sta-
tion. Specifically, there is a significant spatial variation
regarding management uncertainty of the THI trend along
EMC reaching 0.22°C in scenario RCP2.6,0.17°C in scenario
RCP4.5, 0.26°C in scenario RCP6.0, and 0.45°C in scenario
RCP8.5 as seen in Figure 11C.

Finally, the highest projected MSLP at the end of the cur-
rent century with reference to the 2006-2020, (hereafter
century MSLP trend) occurred over Marsa Matrouh station.
Conversely, the lowest century MSLP trend occurred over
El Arish station. In detail, there is a significant spatial vari-
ation regarding management uncertainty of MSLP trend
along EMC reaching 0.04 hPa in scenario RCP2.6, 0.25 hPa
in scenario RCP4.5, 0.18 hPa in scenario RCP6.0, and 0.26
hPa in scenario RCP8.5 as shown in Figure 11E.

4. Discussion and conclusions

The Egyptian Mediterranean coast is particularly sensitive
to climate change for several reasons, including the low-
lying delta, saltwater intrusion, high population density,
and risks to the economy, agriculture, infrastructure, and
ecosystems.

As previously stated, just a few scientific research (Ab-
delwares et al,, 2019; Osman et al,, 2021; Elbessa et al.,

2021, 2022) have been published regarding the climate
along the Egyptian Mediterranean Coast. These few stud-
ies focused on dynamical downscaling, highlighting the
need for further efforts to enhance our understanding of
the current and future climate, especially regarding statis-
tical downscaling. Thus, building an accurate statistical
downscaling system to simulate the climate along the Egyp-
tian Mediterranean Coast would be extremely beneficial
in providing more trustworthy information to decision-
makers.

The current research provided an overview to cover
this current gap, based on a few studies on climate projec-
tion in Egypt. Moreover, this paper indicates that temper-
ature extremes, together with changes in wind direction,
are considered considerable evidence of climate change in
Egypt.

We used observation data (2007-2020), and ERAS5
reanalysis data (1979-2020) together with GFDL mini-
ensemble means (2006-2100) to describe the anatomy of
recent surface atmospheric fluctuation along the Egyptian
Mediterranean Coast together with building a statistical
downscaling model to project the future climatic change.
We observed that the maximum air temperature occurred
during August. During July, the surface relative humidity
reaches its maximum value, and during March, the surface
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wind speed reaches its maximum value. The maximum sea
level pressure was noticed during January.

Analysis of C_ERA5 (1979-2020) showed that the an-
nual average surface air temperature ranges from 20.2°C
over Marsa Matrouh to 21.3°C over Port Said, support-
ing the previous finding of Shaltout et al. (2013) and EI-
Geziry et al. (2021). However, Domroes and EL-Tantawi’s
(2005) results showed lower values than the current analy-
sis simply due to the examination of different time periods.
The annual average surface relative humidity ranges from
68.8% over Ras El Tin to 73.2% over Abu Qir, supporting
the previous finding of El-Geziry et al. (2021) but showed
higher values than Mahfouz et al. (2020) as they analyzed
only the period (2007-2018). The annual average wind
speed ranges from 4.2 m s~ over El Arish to 6.0 m s~ over
Abu Qir, giving higher values than the previous finding of
Essa and Mubarak (2006). This disagreement is due to the
only five years analysis (2000-2004) by Essa and Mubarak
(2006). The annual average sea level pressure ranges from
1013.6 hPa over Ras El Tin to 1015.3 hPa over Marsa Ma-
trouh, supporting the previous results of Shaltout et al.
(2013) and Mahfouz et al. (2020).

Depending on C_ERA5 (1979-2020), the historical max-
imum record of surface air temperature, wind speed, sea
level pressure, and temperature humidity index were
49.12°C, 23.75 m s—', 1034.92 hPa, and 32.92°C respec-
tively. In the same context, the historical minimum record
of air temperature, sea level pressure, and temperature
humidity index were —2.21°C, 989.83 hPa, and —8°C, re-
spectively.

In general, the prevailing wind along the Egyptian
Mediterranean coast fluctuates between North to North-
west, with significant monthly variation between the South-
ern, Western, Northern, and Northwesterly. The new in-
ference in this paper about the southern wind from 00.00
to 08.00 at El Arish will give new directions to the coming
research to understand this phenomenon and its effect on
ocean eddies, currents, and sea waves.

The ERAS lower estimate T2m, RH, WS,,,, and SLP
along the study area by 0.39°C, 0.04%, 0.42 m s~1 and 0.04
hPa, respectively. Moreover, ERA5 closely describes the at-
mospheric parameters along EMC with a significant corre-
lation, reaching its maximum value of 98.3% (n = 613422)
for SLP and reaching its minimum value of 73.1% (n=
613423) for WS;,. Generally, ERA5 reanalysis data simu-
lated efficiently the studied atmospheric parameter over
all stations. Moreover, the C_ERAS5 dataset indicates that
the study area experiences significant warming trends to-
gether with a monotonic decrease in RH, WS;,, and SLP.
From another perspective, the principal component analy-
sis proves that the pattern linking the studied four param-
eters differs from station to station.

Generally, the present study verified that the ERA5
reanalyzed data following bias correction are extremely
beneficial for climate research over EMC, providing high-
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resolution, long-term, and consistent climate data neces-
sary for studies, model validation, adaptation planning,
and climate change analysis.

In the control period (2007-2020), the GFDL mini-
ensemble mean overestimates (underestimates) Tas and
SLP (RH and WS;)). This indicates the importance of us-
ing bias removal techniques (CDF) to correct the GFDL
mini-ensemble mean so that it is valid for the studied area.

Further CDF techniques were used to statistically down-
scale GFDL mini-ensemble mean simulations along the
Egyptian Mediterranean Coast. We predict that the study
area will experience significant warming and increases
in risks regarding heat stress. In the same context, RH’s
future scenarios show a wide range of negative to posi-
tive trends. Projected WS;, and SLP will experience non-
significant changes up to 2100. This projected future warm-
ing supports the previous findings of Lelieveld et al. (2016),
Bucchignani et al. (2018), and Elbessa et al. (2022). More-
over, the non-significant change in projected future SLP is
slightly different from the previous findings of Shaltout et
al. (2013), who suggested a slight decrease in future SLP
through different SRES scenarios.

Generally, the future warming uncertainty is 1.8°C. 87%
of this uncertainty is related to scenario design, while 13%
of this uncertainty is related to regional variation. This
shows that management actions should prioritize reduc-
ing emissions. For future RH, the uncertainty is 1.2%; 49%
of it is associated with regional variation, and 43% is as-
sociated with scenario design. This demonstrates that
any future sustainability plan should take regional vari-
ance into account. For the future THI, the uncertainty is
2°C; 87% of it is associated with the scenario design, and
13% is associated with regional variation. We suggest that
the risks regarding heat stress along the study area are
projected to be over 32°C to trigger sunstroke and heat
exhaustion.

Under a high-emissions scenario, the IPCC (2022) finds
that the world may warm by 4.4°C by 2100. Alpert et al.
(2008) showed that the eastern Mediterranean may warm
by 4°C by the end of the current century. However, Shaltout
et al. (2013) confirmed that the Egyptian Mediterranean
Coast may warm by 2.6°C by 2100. The current study con-
firmed that the EMC will experience significant warming
up to 1.8°C by the end of the current century, roughly 0.4
times the global response. Moreover, the current research
showed a lower estimate of the highest possible tempera-
ture at the end of the current century by about 0.69% with
respect to Shaltout et al. (2013). This disagreement can
be explained by the methods Shaltout et al. (2013) used,
which were based on the use of the global climate model
without applying any downscaling techniques. Changes
in air circulation, particularly during the winter when the
Siberian winter is high, affect the study area by lowering
the temperature, which can explain this moderate warm-
ing along the EMC.
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Based on the detailed analysis of climate projections
across the studied RCPs future scenarios and various cli-
mate parameters (Tas, RH, THI, WS;,,, and SLP) over five
stations along EMC. There is a significant spatial variation
in climate change impacts along EMC. All the studied sta-
tions experience varying levels of warming and changes
in RH, THI, and SLP trends depending on the emission
scenarios considered. In detail, the choice of emission sce-
nario (RCP2.6 to RCP8.5) profoundly influences the magni-
tude of climate change impacts. Higher emission scenarios
(RCP8.5) generally project more severe changes compared
to lower emission scenarios (RCP2.6). Specifically, each
of the studied stations exhibits unique characteristics in
response to climate change. For example, El Arish station
consistently shows higher warming trends, while Marsa
Matrouh often experiences higher RH and THI trends.

In conclusion, these findings have significant implica-
tions for regional climate adaptation and mitigation strate-
gies along EMC. They highlight the need for localized as-
sessments and adaptive measures suitable to specific cli-
mate risks faced by different regions and communities.

Van Vuuren et al. (2011) stated that there is no consis-
tent set of socioeconomic assumptions in any of the con-
sidered four RCPs scenarios. Thus, in our future work, we
will employ our statistical downscaling using The Shared
Socioeconomic Pathways (SSPs) scenarios (IPCC, 2023).
Moreover, we confirm in our current work that we will
no longer utilize the RCP8.5 scenario as the most likely
one, and that it should only be used to study a highly un-
likely but unlikely future. For example, the annual T2m
mean measurements of 20.6°C, 21.51°C, 21.8°C, 22.1°C and
21.6°C recorded over Marsa Matrouh, Ras EI-Tin, Abu Qir,
Port Said, and El Arish during (2007-2020), respectively.
It's expected to rise to 21.6°C, 22.4°C, 22.9°C, 23.2°C and
22.8°C, respectively through RCP6.0 (probable) scenario
by 2100. This expected warming may rise to 23.2°C, 23.9°C,
24.7°C, 24.8°C and 24.6°C, respectively, through the RCP8.5
(improbable, high-risk future) scenario by 2100.

The previous research stated that this region is drought-
prone, and climate change may exacerbate this problem.
Thus, studying the current and future projections of pre-
cipitation merits our consideration and will be studied in
our future work due to the singularity. The used atmo-
spheric data did not contain precipitation thus we plan to
use TRMM and GES DISC databases to describe the current
precipitation variability.

The present work is considered the first attempt to
statistically downscale the future climate along the Egyp-
tian Mediterranean Coast. The current results, together
with previously dynamical downscaling results (Elbessa
etal, 2022), enrich the uncertainty analysis of the future
climate. Moreover, the authors are willing to expand the
studied statistical tool to cover the Egyptian Red Sea coast.
Finally, the current research sheds light on the importance
of studying the effect of climate change on several concerns

22/25

as a result of future climate change, including issues with
its water resources, agriculture, health, economy, biodiver-
sity, and social stability. Coordinated efforts in adaptation,
mitigation, policy-making, and international collaboration
will be needed to address these issues.

We are now able to better understand the science be-
hind climate change, better analyze the current atmospheric
characteristics, and better model the future to support ad-
dressing the causes and consequences of climate change.
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