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Abstract

This study aims to reduce uncertainty in future projections of potential evapotranspira-
tion (PET) across Egypt by utilizing the regional climate model (RegCM4) under two dis-
tinct Representative Concentration Pathways (RCP): RCP4.5 and RCP8.5. The RegCM4
was downscaled using the medium-resolution Earth System Model from the Max Planck
Institute, achieving a horizontal resolution of 20 km over Egypt. Initially, the spatial distri-
bution of simulated PET was assessed, followed by the correction of historical PET cal-
culations using long-term gridded data from the Climate Research Unit (CRU) through
a linear regression model (LRM) at twelve locations representing diverse climate zones
in Egypt. The LRM was then applied to adjust future PET projections covering the peri-
od from 2006 to 2100. Significant spatial anomalies in PET were observed, particularly
during the periods 2061-2080 and 2081-2100, with more pronounced anomalies under
the RCP8.5 scenario compared to RCP4.5. Across all locations, the RegCM4 effectively
captured the monthly variability of PET in relation to CRU data. Furthermore, the appli-
cation of the LRM substantially improved the accuracy of simulated PET, demonstrating
the effectiveness of this approach in enhancing model performance and reducing un-
certainty in future projections.

Key words: Climate change, evapotranspiration uncertainty, Climate Research Unit, Reg-
CM4, enhancing model, RCP scenarios, future projections

1. Introduction

Water resource management stands as a pivotal challenge on the global
stage, affecting numerous regions grappling with issues surrounding water
availability and sustainability (Abda et al. 2022; Elbeltagi et al. 2023; Zeroua-
li et al. 2024a). Nowhere is this concern more pronounced than in arid and
semi-arid locales such as Egypt, where the spectre of water scarcity looms
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large (Lasheen 2022; Anwar et al. 2023). In these environments, the accurate
assessment and effective management of water resources emerge as impera-
tive undertakings (Elbeltagi et al. 2022; Bytyqgi and Agaj 2024), critical not only
for the sustenance of societal needs but also for the preservation of environ-
mental equilibrium (Raufu 2024).

Global temperature increases due to the accumulation of carbon diox-
ide (CO,) and other greenhouse gases (GHGs) in the atmosphere, primarily
caused by human activities (Stocker 2014; Bozhkov et al. 2022). Consequent-
ly, extreme weather events such as droughts and floods have become more
frequent and destructive, posing severe impacts on communities, cities, and
agricultural activities worldwide (Santos et al. 2024). North Africa is partic-
ularly vulnerable to these climate change impacts, with General Circulation
Models (GCMs) from the fifth phase of the coupled model Intercomparison
project (CMIP5) indicating a gradual rise in annual temperatures higher than
the global average (IPCC 2013) Furthermore, the exacerbation of water defi-
cits through increased evaporation worsens conditions (Shaiq et al. 2024; Al-
dughairi 2025), leading to salinization of coastal aquifers and reduced land
areas suitable for agriculture (Radhouane 2013). The projected population
growth in the Middle East and North Africa (MENA) region, estimated to reach
around 700 million by 2050 (Roudi-Fahimi and Kent 2007), further intensifies
the stress on water resources (Zerouali et al. 2023).

Indeed, evapotranspiration stands as a linchpin in the intricate web of the
hydrological cycle, significantly affecting the delicate water balance of any
given region. Within the context of Egypt, potential evapotranspiration (PET)
assumes a paramount role, exerting a profound influence on water availability,
agricultural productivity, and the broader dynamics of the ecosystem (Rem-
ini and Hallouche 2005; Elagib et al. 2024). The ability to comprehend and
precisely forecast PET emerges as indispensable for the formulation and im-
plementation of effective water resource management strategies throughout
the country (El-kenawy et al. 2022). The Fourth Assessment Report of the In-
tergovernmental Panel on Climate Change (IPCC) also forecasts a significant
temperature rise and decrease in total precipitation over the MENA region
(Pachauri and Reisinger 2007). This trend is expected to further strain water
resources, with PET demand escalating and exacerbating water stress in the
region. PET plays a critical role in the global terrestrial hydrological cycle, in-
fluencing water needs for different crops, and serving as a key parameter in
assessing hydrological impacts such as meteorological droughts, water bal-
ance analysis, and irrigation project design (Abdullah et al. 2015; Zerouali et
al. 2024b).

The authors of (Feng et al. 2017) emphasized the importance of PET esti-
mates at different temporal scales, with daily or sub-daily estimates crucial for
determining plant water requirements and irrigation scheduling, while monthly
and annual estimates aid in assessing long-term trends and climate feedback
mechanisms. However, accurate PET estimation is challenging and relies on
complex equations and methodologies. The Penman-Monteith (PM) method,
considered a standard for PET calculation, requires various meteorological in-
puts and specific thresholds, posing limitations under extreme dry conditions
(Brutsaert and Parlange 1998). In situations where meteorological variables
necessary for PM calculations are unavailable, alternative methods such as
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the Hargreaves—Samani (HS) (Hargreaves and Allen 2003) method offer a via-
ble option due to their simplicity and reliance on temperature and precipitation
data alone (Shahidian et al. 2012; Fisher and Pringle Ill 2013). The HS meth-
od has been widely employed in various studies globally, demonstrating good
performance in semiarid and arid regions and providing reasonable accuracy
in data-scarce areas (Lopez-Urrea et al. 2006; Traore et al. 2010; Traore and
Guven 2013). Moreover, the HS method is considered suitable for PET estima-
tion under climate change scenarios (Li et al. 2018). Recent studies, such as
those by (Anwar et al. 2021; Spinoni et al. 2021), highlight the importance of
considering factors like vegetation cover changes, soil moisture, and tempera-
ture in PET simulations using regional climate models (RCMs). However, such
corrections have not been conducted for Egypt’s RCMs to date.

The HS method has been widely utilized in various studies, showcasing its
versatility and effectiveness in PET estimation. For instance, the authors of
(Khalil et al. 2015) utilized remote sensing products to estimate water loss
from agricultural lands using the HS method, demonstrating its applicability in
assessing agricultural water management practices. Similarly, (Cobaner et al.
2017) investigated the performance of the modified HS equation in PET esti-
mation, highlighting its precision compared to Penman-Monteith (PM) obser-
vations. They emphasized the need to improve the HS method by incorporating
actual lysimeter measurements to address uncertainties arising from empir-
ically calculated parameters in the PM equation. Moreover, (Abdel Wahab et
al. 2018) employed the regional climate model (RegCM4) to estimate water
loss under the RCP4.5 scenario, underscoring the utility of RCMs in assessing
climate change impacts on PET. The authors of Giménez and Garcia-Galiano
(2018) utilized an ensemble of regional climate models (RCMs) to analyze the
influence of climate change on PET, demonstrating the capability of RCMs to
capture variations in PET according to historical observations.

Additionally, Srivastava et al. (2018) applied the HS method and the Variable
Infiltration Capacity (VIC-3L) land surface model to simulate actual evapotrans-
piration (ET) while respecting observed PM data. Their study highlighted the
reasonable accuracy of standardized-HS and VIC-3L models in estimating re-
gional and grid-scale variability of ET, particularly in data-scarce regions where
field-scale measured data is limited. These studies collectively reinforce the
robustness and versatility of the HS method in PET estimation across various
climatic conditions and geographical scales. Till the present day, bias-correc-
tion methods have not been employed to reduce the PET uncertainty. To ad-
dress the lack of correction for Regional Climate Models (RCMs) in Egypt for
both historical and future periods, the following steps will be undertaken:

1. Spatial Analysis of Simulated PET: The spatial pattern of simulated PET
will be examined for the historical period (1986—2005) and PET anomalies will
be analyzed in time segments spanning from 2021-2100 under two future
scenarios: Representative Concentration Pathway (RCP) 4.5 and RCP 8.5. This
analysis will provide insights into the historical trends and future projections
of PET across Egypt, allowing for a comprehensive understanding of the im-
pacts of climate change on evapotranspiration patterns.

2. Bias Correction of Simulated PET: The simulated PET data will be bi-
as-corrected with respect to the Climatic Research Unit (CRU) product for the
period spanning from 1981-2005. This correction process will be conducted
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for twelve specific locations across Egypt. By aligning the simulated PET data
with observational-based datasets, any biases in the RCM outputs will be mit-
igated, ensuring the accuracy of PET estimates.

3. Projection Adjustment of PET: The projected PET data for the two future
scenarios (RCP 4.5 and RCP 8.5) will be corrected using the Linear Regression
Model (LRM) approach. This correction will be performed for the same twelve
locations, utilizing data from both the RegCM4 model and CRU dataset from
the historical period. By adjusting the projected PET data, discrepancies be-
tween RCM simulations and observational datasets will be addressed, result-
ing in more reliable future PET projections.

The methodology and experimental design for these steps will be detailed
in Section 2 of the paper, providing comprehensive insights into the study area
and the approach undertaken. Section 3 will present the results of the study,
including spatial analysis findings, bias-corrected PET data, and adjusted pro-
jections. Finally, Section 4 will offer a discussion of the results and their impli-
cations for understanding the impacts of climate change on evapotranspira-
tion patterns in Egypt, concluding with recommendations for future research
and policy implications.

2. Materials and Methods
2.1. Study area

Egypt occupies the northeastern edge of the African continent, covering an ex-
pansive area of approximately one million km?2. It is bordered by the Mediterra-
nean Sea to the north, the Gaza Strip, Palestine, and the Red Sea to the east,
Sudan to the south, and the Libyan Arab Jamahiriya to the west. The country
stretches approximately 1,080 km from north to south and around 1,100 km
from east to west. Geographically, Egypt features a vast desert plateau punctu-
ated by the Nile Valley and Delta; both collectively encompass about 4% of the
nation’s landmass. The landscape rises on both sides of the valley, reaching
heights of approximately 1,000 m a.s.l. in the east and 800 m a.s.l. in the west.
Mount Catherine in Sinai stands as Egypt’s loftiest peak, towering at 2,629 m
a.s.l., while the Qattara Depression in the northwest marks its lowest point,
lyingat 133 mb.s.l.

Climatically, Egypt experiences arid summers and mild winters. Also, it is
characterized by sparse, erratic rainfall. Annual precipitation varies widely,
with the northern coastal region receiving up to 200 mm annually, while the
southern areas virtually receive none, averaging a mere 51 mm yearly. Sum-
mer temperatures soar to staggering levels, ranging from 38°C to 43°C, with
southern and western desert regions witnessing extremes of up to 49°C. Con-
versely, the Mediterranean coastal zones boast cooler temperatures, peaking
at around 32°C. Moreover, Egypt’s agricultural calendar revolves around two
distinct crop seasons: the summer season, spanning from April to September,
and the winter season, covering October to March. Rice cultivation dominates
the summer months, while winter sees the predominance of wheat harvesting
(Hereher 2013).
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Figure 1. Representation of A the coarse domain and B nested domain (lower panel).

2.2. Potential evapotranspiration computing

The PET was calculated using various empirical equations commonly used
in climate modeling. (Allen et al. 1994) provided one such equation, which in-
volves pan evaporation (Ep) and a pan coefficient (Kp). Another equation by
(Kjelgaard and Stockle 2001) incorporates factors such as surface net radia-
tion (Rn), heat storage in soil (G), vapour pressure deficit (VPD), and aerody-
namic and surface resistances to vapour transport (ra and rs). Additionally, the
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Hargreaves-Samani (HS) (Hargreaves and Allen 2003) method was employed
due to its suitability for calculating PET under climate change scenarios (Li et
al. 2018). These equations consider meteorological variables such as 2-meter
air temperature, relative humidity, wind speed, extraterrestrial radiation (Ra),
and global incident solar radiation (Rs). In the present work, the PET was calcu-
lated as follow (Hargreaves and Allen 2003):

PETHS = 00135 X RS X (Tmean + 178) (1)

where R_is the global incident solar radiation (expressed in mm day” to
match the PET unit following Allen et al. 1998). T___is the daily mean air tem-
perature and it is expressed in degree Celsius.

The relative PET changes were calculated following

PETfuture annual — PETpresent annual

2

PETyelative changes =
fat hang PETpresent annual

The PET anomaly was assessed spatially, focusing on the periods 2061-
2080 and 2081-2100, and comparing the results under the RCP4.5 and RCP8.5
scenarios.

2.3. Model description and experiment design

This study employed the Abdus Salam International Centre for Theoretical
Physics (ICTP) regional climate model version 4.7 (hereafter referred to as Reg-
CM-4.7.0) (Giorgi et al. 2012). RegCM is a limited area model renowned for its
capability in conducting long-term simulations within Intercomparison projects
and process studies (Qian et al. 2010), as well as future climate projections
(Giorgi et al. 2009). In this study, the third version of the Community Climate
Model (CCM3) (Kiehl et al. 1996) was utilized for the radiation scheme, with
the boundary layer scheme of (Holtslag and Boville 1993), the Grell convection
scheme over land (Grell 1993), and the Emanuel convection scheme over the
ocean (Emanuel 1991). This specific physical configuration was carefully se-
lected after conducting numerous sensitivity studies using ERA-Interim reanal-
ysis as a lateral boundary condition (EIN15) (Dee et al. 2011). A comprehensive
description of the RegCM4 model can be found in (Giorgi et al. 2012). Recent
applications of the RegCM4 model have extensively explored the potential im-
pact of land-surface processes, including runoff, on simulating surface climate
(Anwar et al. 2019; Wang et al. 2021), terrestrial carbon cycle (Anwar and Diallo
2021), and potential evapotranspiration (Anwar et al. 2021). This study encom-
passes two domains:

1. The coarse domain covers the MENA region with a horizontal grid spacing
of 50 km, consisting of 235 grid points in the zonal direction and 121 grid points
in the meridional direction. It is centred at latitude 19.5° and longitude 24.5°.

2. The nested domain covers Egypt and its surrounding regions with a hori-
zontal grid spacing of 20 km, comprising 121 grid points in both the zonal and
meridional directions. It is centred at latitude 25.5° and longitude 30.5°.

It is important to highlight that gradual downscaling (of that the MPI-ESM-
MR) was employed through a coarse domain, and then to a nested domain
(to provide high resolution meteorological information). Fig. 1 illustrates the
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dimensions of the domains and the topography height for both the coarse and
nested domains. The Earth System Model of the Max Planck Institute (MPI-
ESM) of medium resolution (MR; 96 x 192 grid points, i.e., 1.875 x 1.875 hori-
zontal degree resolution) was utilized to drive the RegCM4 model with the later-
al boundary condition (LBC) and sea surface temperature (SST). The MPI-ESM,
developed by Giorgetta et al. (2013), is an Earth System Model that integrates
the atmosphere, ocean, and land surface, facilitating the exchange of energy,
momentum, water, and carbon dioxide. The MPI-ESM integrates various com-
ponents: the atmospheric component of ECHAM6 (Stevens et al. 2013), the
ocean component of MPIOM (Jungclaus et al. 2013), the land component of
JSBACH (Reick et al. 2013), and the ocean biogeochemistry component of
HAMOCC (llyina et al. 2013). The OASIS3 program facilitates the coupling be-
tween the atmosphere, land, ocean, and biogeochemistry. Model simulations
were conducted over two time periods: the historical period from 1981 to 2005
and the future period from 2006 to 2100, considering both the moderate future
scenario RCP4.5 and the extreme future scenario RCP8.5.

It is noteworthy that while calculating the PET using the PM method is fea-
sible with the 4.7 version of the RegCM, this specific calculation hasn’t been
tested. Therefore, the HG method was employed to compute the PET in this
study, following the recommendation of (Cobaner et al. 2017; Abdel Wahab et
al. 2018; Giménez and Garcia-Galiano 2018; Srivastava et al. 2018). Addition-
ally, the choice of the HG method is supported by Egypt’s climatic characteris-
tics outlined in study area section, which includes hot dry summers and mild
winters, making the HG method a suitable option for PET computation in this
context.

2.4. Observational data

In Egypt, the measurement of PET is crucial for various purposes such as mon-
itoring agricultural activity, assessing water needs, and monitoring hydrological
and drought conditions over different time intervals, including daily, seasonal,
and annual periods. However, obtaining in-situ PET measurements using the
PM method for an extended duration is not feasible. Therefore, in this study,
the Climate Research Unit (CRU) dataset version 4.05 (Harris et al. 2020) was
utilized as a reliable source of observational data. The CRU dataset is widely
regarded as the best available reference for PET data and is commonly used
as the ground truth for observational purposes in global PET assessments
(Droogers and Allen 2002; Mitchell and Jones 2005; Sperna Weiland et al.
2012).

The CRU product encompasses a range of variables crucial for climate anal-
ysis, including cloud cover, diurnal temperature range, frost day frequency, PET,
precipitation, 2-m mean temperature, maximum and minimum air temperature,
and vapour pressure. These variables are monthly averaged and integrated
over the extensive period from 1901 to 2020, providing a comprehensive data-
set for climate research. The CRU product is available in a spatial resolution of
0.5 x 0.5 horizontal degrees, facilitating detailed analysis at regional and global
scales. Notably, the CRU product has been employed in previous studies to
enhance the accuracy of future rainfall projections in Egypt using the RegCM4
model (Elmenoufy et al. 2017). In our current study, we utilize the CRU gridded
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product to refine PET estimates derived from the RegCM4 model output. This
correction process is applied to both historical data and projections for two
future scenarios (RCP4.5 and RCP8.5) across twelve specific locations, as out-
lined in Table 1.

3. Results

3.1. Spatial pattern of 2-m annual mean air temperature and PET
under two future scenarios

In the previous section, it was emphasized that changes in PET can be moni-
tored using the 2-m mean air temperature as a proxy (see eq. 2). Consequently,
it is paramount to examine the future changes projected for the 2-m mean air
temperature under the two future scenarios. This section initiates by discuss-
ing the spatial distribution of the simulated 2-m mean air temperature and PET
during the reference period (1986—-2005), subsequently addressing the alter-
ations anticipated under the two future scenarios. Fig. 2 illustrates the project-
ed changes in the 2-m mean air temperature (TMP) across Egypt for the period
2021-2100 under the RCPA4.5 future scenario, segmented into four-time inter-
vals: 2021-2040, 2041-2060, 2061-2080, and 2081-2100, compared to the
reference period 1986-2005. This time frame aligns with the scope covered
in the Arab Climate Change Assessment Report (ESCWA 2017). In the initial
interval (2021-2040), the Western, Eastern Coast, and Delta regions display
an increase in TMP ranging from 0.5 to 1°C, while Upper Egypt experiences a
decrease in TMP by 0.5 to 1°C relative to the reference period (Fig. 2b). Moving
to Fig. 2c, arise in TMP is observed particularly in the Western desert (by 1 to
1.5°C), whereas Upper Egypt witnesses a slight decrease of 0.5°C during the
2041-2060 period. However, the scenario changes notably in the subsequent
time segments (2061-2080 and 2081-2100), where an overall increase in TMP
(ranging from 1 to 2°C) is observed across Egypt except for Upper Egypt (Fig.
2D-E).

Under the RCP8.5 future scenario, the 2-m TMP exhibits a similar increase to
that observed in the time segments 2021-2040 and 2041-2060 (Fig. 3B-C).
However, during the subsequent time segments 2061-2080 and 2081-2100,
TMP demonstrates a more substantial increase, ranging from 3 to 5°C across
Egypt, particularly noticeable in the time segment 2081-2100 (Fig. 3D-E).
These findings suggest that both future scenarios align regarding the rate of
TMP increase during the period 2021-2060, while the divergence between the
two scenarios becomes apparent in the period 2061-2100, particularly during
the time segment 2081-2100. As previously mentioned, changes in the 2-m
TMP directly influence PET patterns. Therefore, the observed changes in TMP
(Figs 2-3) are mirrored in the simulated future PET (Li et al. 2018). For exam-
ple, under the RCP4.5 scenario, the simulated PET exhibits an increase (ranging
from 0.1 to 0.3 mm day™") along the Western Coast and in the Western des-
ert during the time segment 2021-2040 (Fig. 4B). This increase in PET cor-
responds to the TMP rise in these regions (Fig. 2B). Similarly, during the time
segment 2041-2060, the RegCM4 model indicates an increase in simulated
PET over Western Egypt, the Western Desert, and the Delta regions (Fig. 4C).
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In the time segments 2061-2080 and 2081-2100, the RegCM4 model indi-
cates an overall increase in simulated PET (ranging from 0.1 to 0.3 mm day"
compared to the reference period) across Egypt, aligning with the observed
increase in simulated TMP (Fig. 4D—E). Conversely, under the RCP8.5 scenario,
the PET changes are less pronounced in the time segment 2021-2040, with
fluctuations of around +0.1 mm day" (Fig. 5B). However, from 2041 to 2060,
the RegCM4 model projects an increase in simulated PET (by 0.1 to 0.3 mm
day™) across Egypt (Fig. 5C), reflecting the observed changes in TMP. Notably,
following the TMP patterns, the RegCM4 model predicts a higher increase in
simulated PET (ranging from 0.3 to 0.6 mm day") in the time segments 2061~
2080 and 2081-2100 compared to the earlier periods (Fig. 5D). Finally, in the
time segment 2081-2100, the RegCM4 model projects the most substantial
increase in simulated PET across most of Egypt, with values ranging from 0.5
to 0.9 mm day (Fig. 5E).
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Figure 2. Annual average 2-m air temperature (hereafter TMP; in degrees Celsius) over Egypt during 1986-2005 (RF) A
and the potential change during the period 2021-2040 B the period 2041-2060 C the period 2061-2080 D the period
2081-2100 E according to the RCP4.5 scenario.
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Figure 4. Representation of the average evapotranspiration (mm/day) over Egypt during 1986-2005 (RF) A and poten-
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according to the RCP4.5 scenario.
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according to the RCP8.5 scenario.
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3.2. Correcting the PET in the historical period and future scenarios

The performance of the RegCM4 model was evaluated with respect to the CRU
gridded product for twelve locations, each representing different climate zones
of Egypt (Table 1). These locations include Alexandria, Marsa Matruh, and Siwa
for the northern zone; Ismailia, Port Said, and Arish for the eastern zone; Giza
and Asyout for the Lower Egypt zone; Dakhla and Kharga for the Middle Egypt
zone; and Luxor and Asswan for the Upper Egypt zone. To enhance the perfor-
mance of the RegCM4 model, the LRM approach was employed by generating
a scatter plot between the RegCM4 model output and the CRU observation-
al-based product during the historical period from 1981 to 2005. The authors
of (Shiri et al. 2012, 2014) demonstrated notable improvements in model per-
formance when employing the LRM approach between model output and ob-
served data. The LRM model was applied to the raw RegCM4 output to ensure
accurate calculation of simulated PET compared to the CRU gridded product.
Performance was assessed using statistical metrics such as mean bias (MB;
calculated as CRU minus RegCM4) and standard deviation ratio (SD; the ratio
between the standard deviation of the RegCM4 and the standard deviation of
the CRU).

Fig. 6 displays the monthly time series of PET compared with CRU data for
the historical period before and after applying the LRM method across the lo-
cations outlined in Table 1. Generally, the RegCM4 demonstrates good skill in
capturing the monthly variability relative to the CRU dataset; however, it tends
to underestimate or overestimate monthly PET depending on the specific
location. Specifically, in Port Said, the RegCM4 significantly underestimates
PET, particularly during the summer months (June-July—August), as com-
pared to CRU data. Conversely, at Ismailia, the RegCM4 notably overestimates
PET, while at Arish; it slightly underestimates PET compared to CRU data. The
observed discrepancies at these locations can be attributed to uncertainties
associated with the simulated 2-m mean air temperature and global incident
solar radiation from the reanalysis product (not shown). However, significant
improvement in the performance of the RegCM4 model was noted when the
LRM approach was applied. Table 1 illustrates these improvements: before
applying the LRM, Port Said had a mean bias (MB) of -0.34 mm day” and a
standard deviation ratio (SD) of 1.25, which improved to -0.003 mm day” and
0.97, respectively, after applying the LRM. Similarly, Ismailia exhibited a MB of
+1.15 mm day’ and SD of 0.785 before the LRM, which improved to -0.02 mm
day” and 0.99 with the LRM. Finally, for Arish, the MB was +0.5 mm day™ with
an SD of 0.94 before the LRM, which improved to +0.005 mm day” and 0.98
post-LRM application.

In Alexandria, the RegCM4 slightly underestimates PET compared to the CRU,
with a mean bias (MB) of +0.73 mm day" and a standard deviation (SD) of 0.93
before the application of the LRM. However, after implementing the LRM, the
RegCM4 exhibits superior performance, closely aligning with the CRU, resulting
in an MB of -0.005 mm day' and an SD of 0.98. In Marsa Matruh, the RegCM4
shows a tendency to severely overestimate PET during summer months and
slightly underestimate it during winter months (December-January—February)
in comparison to the CRU. Quantitatively, this difference is evident as the mean
bias (MB) is -0.27 mm day" and the SD is 1.58 before applying the LRM. After
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implementing the LRM, the MB becomes nearly zero, indicating a much-im-
proved alignment between the RegCM4 and CRU with a corresponding SD of
0.85. This suggests that the model slightly underestimates PET compared to
the CRU and demonstrates the enhanced performance of the RegCM4 when
the LRM is utilized. Similarly, in Siwa, the RegCM4 tends to overestimate PET
during summer months relative to the CRU, as indicated by an MB of +0.21 mm
day™ and an SD of 1.13. However, with the application of the LRM, the RegCM4
exhibits superior performance in PET estimation, with an MB approaching zero
mm day’ and an SD of 0.97.

At Giza, the RegCM4 tends to overestimate PET, especially during the sum-
mer months (June, July, and August), when compared to the CRU. This overes-
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timation may stem from the RegCM4’s tendency to overestimate the 2-m mean
air temperature in the reanalysis product. However, with the implementation
of the LRM, the RegCM4 demonstrates improved capability in PET estimation,
aligning more closely with the CRU. Quantitatively, the mean bias (MB) decreas-
es from +0.07 mm day” to around zero mm day”, and the SD decreases from
1.13 to0 0.96 after using the linear model. Conversely, at Asyout, the RegCM4 ex-
hibits a declining trend in PET, resulting in close agreement with the CRU during
the period 1981-1990. However, for the remaining period, the model severely
underestimates PET, with an MB of +0.68 mm day” and an SD of 0.91. After
implementing the LRM, the RegCM4 closely aligns with the CRU data during the
period 1981-1990 and exhibits slight underestimation for the remaining period
at Asyout, with a mean bias (MB) of -0.06 mm day" and a SD of 1.02. Similarly,
at Dakhla and Kharga, the RegCM4 initially demonstrates a response similar to
that observed at Asyout. However, there are notable differences in the values
of MB and SD. Before applying the LRM, the MB ranges from 1.37 to 1.66, and
the SD ranges from 0.82 to 0.87. Subsequently, after applying the LRM, the
MB decreases significantly to near zero (around -0.002 mm day), and the SD
increases to 0.95-0.96.

At Luxor and Asswan, the RegCM4 initially underestimates PET relative to
the CRU, with Asswan exhibiting a greater underestimation compared to Luxor.
However, following the application of the LRM, the RegCM4 demonstrates im-
proved accuracy in simulating PET, aligning closely with the CRU data. Before
implementing the LRM, Luxor exhibits a mean bias (MB) of +0.52 mm day” and
a SD of 0.99, while after LRM application, the MB becomes approximately zero
mm/day and the SD decreases to 0.96. Given that PET calculations rely on eq.
1 (previous section), future changes in 2-m mean air temperature directly influ-
ence future PET levels. To project relative future PET changes for the twelve
locations, the following steps are necessary:

1. Calculate the mean PET using the corrected RegCM4 output during the

historical period.

2. Apply the LRM to correct the projected PET values for both RCP4.5 and

RCP8.5 scenarios.
3. Calculate the relative PET changes according to the methodology outlined
in (Nistor et al. 2019).

Fig. 7 illustrates the corrected relative future projections of PET for the
twelve locations under the RCP4.5 and RCP8.5 scenarios. Notably, the relative
changes in PET at Port Said remain within the range of -5% to +5% compared
to the historical period from 2006 to 2042 under both scenarios. Subsequently,
a slight increase of approximately 2% is projected under the RCP4.5 scenario,
while a larger increase of around +12% is observed under the RCP8.5 scenar-
io, consistent with earlier findings. Similarly, future changes in PET at Ismaila
and Alexandria follow a comparable pattern to Port Said. However, at Arish,
PET fluctuations range between -5% and +5% from 2006 to 2050, followed by
significant increases reaching approximately +9% under RCP4.5 and up to 13%
under RCP8.5 after 2050. Conversely, at Marsa Matruh, PET changes fluctuate
between -3% and +3% from 2006 to 2045 under both scenarios, with subse-
quent increases reaching around +5% under RCP4.5 and approximately +8%
under RCP8.5.
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Figure 7. Representation of the shows the future corrected PET changes (in %) under the two future scenarios (RCP4.5;
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Despite the similarities in climate conditions between Marsa Matruh and
Siwa, there are notable differences in the future projections of PET between
these two locations. In Siwa, future PET changes fluctuate between -6% and
+4% under both scenarios from 2006 to 2045, followed by continuous increas-
es reaching approximately +7% under RCP4.5 and up to around +13% under
RCP8.5 thereafter. Conversely, at Giza, future PET changes range between -6%
and +5% from 2006 to 2045, with a slight increase of up to +6% under RCP4.5
and a gradual increase of up to +12% under RCP8.5. At Asyout, Dakhla, and
Kharga, the future changes in projected PET exhibit the largest fluctuations un-
der both scenarios, ranging from -10% to +5% from 2006 to 2045. Subsequent-
ly, under RCP4.5, the relative changes stabilize at +5%, while under RCP8.5,
they gradually increase up to +12%. In Asswan, future PET changes fluctuate
between -10% and +3% under RCP4.5 and between -7% and +5% under RCP8.5
from 2006 to 2045. Following this period, the future projected PET continues
to increase steadily by 3% under RCP4.5 and gradually by up to +9% under
RCP8.5.
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Table 1. RegCM4 output correction at various locations.

Station

Port Said

Alexandria

Arish

Marsa
Matruh

Ismailia
Giza
Asyout

Luxor

Asswan

Siwa

Dakhla

Kharga

Lat

31.28

31.20

31.08

31.20

30.60

30.05

27.05

25.66

23.96

29.26

25.48

25.45

Long

32.23

29.95

33.83

27.20

32.26

31.22
31.02

32.70

32.78

25.48

29.00

30.53

Mean SD ratio
corrected MB (in mm/day) (SDRegCM /
RegCM4 output correction  PET in the SDCRU)
using LRM historical
period (in  pefore after before  after
mm/day)
PETcorr = 0.9641 x PETraw 5.25 1.15 -0.02 0.785 0.99
PETcorr =1.057 x PETraw 5 0.73 -0.005 0.93 0.98
+0.48
PETcorr = 1.049 x PETraw + 474 05 0.00 094 098
0.294
PETcorr=0.617 x PETraw + 027 0.00 158 085
1.362
PETCorr=0.779 x PETraw + g 034 0003 125 097
0.635
PETcorr = 0.847 x PETraw + o, 0.07 0.00 1.13 0.96
0.748
PETcorr = 1.12 x PETraw 5.81 0.68 -0.06 0.91 1.02
PETcorr = 0.968 x PETraw + 5 oq 0.52 0.00 0.99 0.96
0.696
PETcorr =1.097 x PETraw + 4, 0.42 -0.005 0.9 0.94
1.103
PETcorr = 0.861 x PETraw + 4 44 0.21 0.00 1.13 0.97
0.864
PETcorr =1.049 x PETraw + ¢ ¢ 166  -0.002 087 096
0.159
PETcorr =1.16 x PETraw +
0502 6.76 1.37 0.00 0.82 0.95

4. Discussion

In the Observational data section was emphasized that changes in PET can be
monitored using the 2-m mean air temperature as a proxy (eq. 2). Consequent-
ly, it is paramount to examine the future changes projected for the 2-m mean
air temperature under the two future scenarios. This section initiates by dis-
cussing the spatial distribution of the simulated 2-m mean air temperature and
PET during the reference period (1986—2005), subsequently addressing the
alterations anticipated under the two future scenarios. Fig. 2 illustrates the pro-
jected changes in the 2-m TMP across Egypt for the period 2021-2100 under
the RCP4.5 future scenario, segmented into four-time intervals: 2021-2040,
2041-2060, 2061-2080, and 2081-2100, compared to the reference period
1986-2005. This time frame aligns with the scope covered in the Arab Climate
Change Assessment Report (ESCWA 2017). In the initial interval (2021-2040),
the Western, Eastern Coast, and Delta regions display an increase in TMP rang-
ing from 0.5 to 1°C, while Upper Egypt experiences a decrease in TMP by 0.5 to
1°C relative to the reference period (Fig. 2B). Moving to Fig. 2C, a rise in TMP
is observed particularly in the Western desert (by 1 to 1.5°C), whereas Upper
Egypt witnesses a slight decrease of 0.5°C during the 2041-2060 period.

Journal of the Bulgarian Geographical Society 51: 151-175 (2024), DOI: 10.3897/jbgs.e 136806 166



Samy A. Anwar et al.: Reducing uncertainty in future projections of potential evapotranspiration

However, the scenario changes notably in the subsequent time segments
(2061-2080 and 2081-2100), where an overall increase in TMP (ranging from
1 to 2°C) is observed across Egypt except for Upper Egypt (Fig. 2D-E). PET
serves as a crucial variable in evaluating hydrological and agricultural activities,
as well as monitoring regional droughts. The Food and Agriculture Organiza-
tion (FAO) recommends the Penman-Monteith (PM) method for PET calcula-
tions. However, employing the PM method presents challenges due to specific
thresholds and the requirement for an unlimited moisture supply (Brutsaert and
Parlange 1998). Additionally, uncertainties in various meteorological inputs
can amplify PET calculation errors, as the PM equation is nonlinear. Moreover,
the application of the PM method in version 4.7 and beyond has not undergone
comprehensive testing (Potential evapotranspiration computing section). To
address these challenges, an empirical equation with minimal meteorological
inputs is essential to track PET changes on daily or longer time scales, using
a 2-meter TMP as a proxy. Consequently, the Horton-Smith (HS) method was
chosen as an alternative option for calculating simulated PET from the Reg-
CM4 output. In this study, the RegCM4 was downscaled by the MPI-ESM-MR
over the MENA region and nested over the Egypt domain during the reference
period 1980-2005, considering the two future scenarios: RCP4.5 and RCP8.5.

The model’'s performance was assessed against CRU data, revealing a grad-
ual increase in projected PET from the North zone to the Upper Egypt zone, con-
sistent with findings reported in previous studies (Attaher et al. 2006; Terink et
al. 2013; Farag et al. 2016). Furthermore, PET experienced a moderate increase
under the RCP4.5 scenario and a more substantial increase under the RCP8.5
scenario, particularly during the time segments 2061-2080 and 2081-2100.
This underscores the necessity for adopting adaptation and mitigation strat-
egies in the distant future to manage the rising temperatures and PET levels.
Across the twelve locations detailed in Table 1, the RegCM4 model demonstrat-
ed the ability to replicate monthly variability based on CRU observational data.
However, it exhibited variations in PET estimates depending on the location,
with improved performance observed when employing the LRM Notably, the
most significant fluctuations in future projected PET changes were observed at
Asyout, Dakhla, Kharga, and Luxor, particularly under the RCP8.5 scenario. It's
important to mention that this study offers an initial insight into projecting PET
in Egypt using a single high-resolution regional climate model, with PET bias
corrected for both historical and future scenarios using the LRM approach. The
present study relied on downscaling one GCM from the pool of the Fifth phase
of the Coupled Model Intercomparison Project (CMIP5) (Taylor et al. 2012).
Future research will address key aspects:

1. Utilizing multi-GCMs (CMIP5/CMIP6) (Taylor et al. 2012; Eyring et al. 2016)
and their ensembles to further examine the impact of climate change on
mean temperature (T__ ), solar radiation (R_), and PET.

2. Investigating the potential influence of aerosols on simulated mean tem-

perature (T__ ), solar radiation (R ), and, subsequently, PET.

3. Evaluating the performance of RegCM4 with high-resolution gridded PET
products e.g., (Singer et al. 2020; Singer et al. 2021) alongside CRU data
to account for uncertainties in observational-based datasets.

4. Apply direct downscaling to reduce the uncertainty of the calculated T
and eventually PET following Anwar et al. (2023).

mean
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5. Adopting the physical parameterization and the calibrated version of the
HS equation following (Anwar and Olusegun 2024).

6. Initializing the RegCM4 regional climate model with the Century reanalysis
soil moisture product following (Anwar 2024).

5. Conclusion

This study utilized a high-resolution regional climate model (RegCM4) to com-
pute the PET for Egypt, employing a simple empirical method (Hargreaves-Sa-
mani; HS) instead of the more complex Penman-Monteith method. The choice
of the HS method is particularly advantageous as it requires fewer meteoro-
logical variables, many of which are derived empirically, simplifying the calcu-
lations involved. The application of the LRM demonstrated significant value in
reducing uncertainty in PET estimates, both for the historical reference period
and under various future scenarios.

The results indicate that while the RegCM4 model effectively captures the
monthly variability of PET, discrepancies remain among different locations, par-
ticularly under varying climatic conditions. The LRM improved the alignment
of model outputs with observational data from the CRU, highlighting its effec-
tiveness in enhancing model performance. However, several limitations must
be acknowledged. The reliance on a single regional climate model restricts the
generalizability of the findings, as different models can yield varying results
based on their underlying assumptions and parameterizations. Additionally, the
availability and quality of historical meteorological data can affect the accuracy
of PET calculations, with limited access to comprehensive datasets potentially
introducing biases in the model outputs. The HS method, while straightforward,
may not fully capture the complexities of evapotranspiration processes, par-
ticularly in regions characterized by high variability in microclimates. Further-
more, projections under the RCP4.5 and RCP8.5 scenarios are contingent on
the accuracy of climate models and their assumptions about greenhouse gas
emissions, which can change over time.

To enhance the robustness and reliability of PET estimations in Egypt, fu-
ture research should incorporate multiple regional climate models and Glob-
al Climate Models (GCMs) to compare outputs and reduce uncertainty in PET
estimates. Utilizing ensemble approaches can provide a more comprehensive
understanding of potential climate impacts. Additionally, integrating high-res-
olution gridded PET products could improve accuracy and account for spatial
variability that a single model may overlook. Expanding the range of meteo-
rological inputs used in empirical methods will also refine accuracy, as vari-
ables such as humidity and wind speed play significant roles in PET dynamics.
Investigating localized climate effects will yield insights into region-specific
trends and anomalies, facilitating more tailored adaptation strategies. Final-
ly, establishing long-term monitoring stations for climate variables across di-
verse regions in Egypt will help gather high-quality data, enabling more accu-
rate modeling and forecasting of PET under changing climatic conditions. By
addressing these limitations and implementing the recommended strategies,
future research can significantly advance our understanding of potential evapo-
transpiration dynamics in Egypt, ultimately informing effective water resource
management and agricultural practices in the face of climate change.
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