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Abstract. this article examines the effectiveness of the Weather Research and Forecasting (WRF) model
in simulating a severe weather event across western Saudi Arabia on May 8, 2014, marked by heavy
rainfall and thunderstorms. During this event, Makkah meteorological station recorded approximately 50
mm of rainfall accompanied by thunderstorms, posing significant forecasting challenges. The model was
configured with moderate to high-resolution settings and various parameterizations in order to replicate
the event, and its results were compared with observed meteorological data. Key model outputs, including
precipitation intensity and distribution, were analyzed to assess the model's accuracy and its capability to
capture critical atmospheric dynamics associated with heavy rainfall in arid regions. The simulated
rainfall produced by the experiment demonstrates strong alignment with the Tropical Rainfall
Measurement Mission (TRMM) rainfall estimates, both in terms of intensity and the spatial and temporal
distribution patterns. This agreement indicates the model's capability to reasonably capture the key
characteristics of the rainfall event under study. The findings highlight the strengths and limitations of the
model for severe weather prediction in western Saudi Arabia, providing insights into optimal
configurations for forecasting similar events in the future.
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Introduction

The eastern Mediterranean (EM) area, characterized by its surrounding arid landscapes, mountains,
and orographic barriers, is globally recognized as a significant cyclogenetic zone due to its
atmospheric conditions that favor the development of low-pressure systems (Ribé and Llasat,
2009). Precipitation in Saudi Arabia (SA) is mostly caused by synoptic-scale disturbances
connected to the Red Sea Trough's (RST) (the northward extension of the Sudan monsoon low)
incursion into the EM, and it occurs largely between November and April. These disturbances are
linked to warm, humid southerly winds that come from tropical areas (El-Fandy, 1948). The trough
at upper-level in mid-latitude and the RST are well-established systems linked to cyclogenesis in
the EM region. (Abdeldym et al., 2019). The genesis and evolution of cyclogenetic systems, along
with associated rainfall events, over SA, particularly in the western regions, are primarily governed
by the distinctive environmental and atmospheric conditions influenced by the characteristics and
topography of the Red Sea (RS) region (Haggag and El-Badry, 2009; Hasanean and Almazroui,
2015; Almazroui et al., 2018, Samman and Gallus, 2017). The development of these convective
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systems is influenced by a complex interplay of dynamic and environmental factors. Key
contributors include the formation of cyclonic systems over the Mediterranean, which drive
atmospheric instability, and the presence of anticyclonic systems over the Arabian Peninsula (AP),
which modulate regional airflows and moisture transport, collectively shaping the intensity and
spatial distribution of convection (El Kenawy et al., 2014; De Vries et al., 2013). Additional factors
contributing to the development of convective activity include an abundance of moisture in the
upper troposphere, anomalously elevated sea surface temperatures in the RS, and the modifying
effects of local topography. Together, these elements enhance atmospheric instability, intensify
vertical motion, and create the favorable environmental conditions necessary for robust convective
development and precipitation. (Deng et al., 2015; Al-Mutairi et al. 2019). The convergence of
warm and humid air over the RS creates an environment highly conducive to intense convection.
The accumulation of humid air supports the development of powerful updrafts, significantly
amplifying storm intensity. This effect is particularly pronounced in western SA, where the
combination of atmospheric instability and abundant moisture provides ideal conditions for severe
weather events (Almazroui, 2011; Al-Mutairi et al. 2019). According to Abdeldym et al. (2019), the
rotational part of moisture flux has two primary origins: the Indian Ocean, encompassing the Gulf
of Aden and Arabian Sea, and the region encompassing the Mediterranean Sea and Atlantic Ocean.

The characteristics and variability of rainfall across different regions of SA have been extensively
studied, including the work of Al-Khalaf and Abdel Basset (2013) and related references. These
studies have utilized various numerical weather prediction models (NWP) to examine the meso-
scale systems and cyclogenesis processes associated with rainfall patterns (Haggag and El-Badry,
2009; De Vries et al., 2013; Almazroui, 2011). Regional climate models (RCMs) have emerged as a
critical method for refining simulations of global climate and reanalysis data, enabling the
generation of high-resolution regional climate information. By nesting these models within the
broader framework of global datasets, RCMs capture localized climate dynamics, such as
topographic influences, land-sea interactions, and small-scale atmospheric processes, which are
often not resolved in global models. This approach provides a more detailed and accurate
representation of regional climate conditions, making RCMs essential for studying localized
weather patterns and assessing climate change impacts at finer spatial scales. The accuracy and
reliability of RCMs simulations are heavily influenced by several key factors, including the
computational domain size, the placement and configuration of lateral and initial boundaries, the
temporal and spatial resolution of the model, and the quality of the forcing fields used as inputs.
The domain size determines the extent of the region being analyzed, while the positioning of lateral
boundaries impacts the interaction between the regional model and external global data. Utilizing
higher spatial resolution enables the model to more accurately capture small-scale processes,
including the intricate effects of land use and topographical variations, which play a crucial role in
shaping localized weather patterns. Simultaneously, the quality of forcing fields, such as initial and
boundary conditions derived from global datasets, is critical in driving the model's performance.
High-quality forcing data ensures that the model outputs closely align with observed climatic and
meteorological phenomena, thereby enhancing the reliability and accuracy of the simulations
(Giorgi et al., 1994; Leung et al., 1999; Sylla et al., 2009). Jones et al. (1995) emphasized that the
computational domain should be adequately expansive to facilitate the complete development of
features at the fine scale in the region of interest. Seth and Giorgi (1998) emphasized that the
appropriate placement of lateral boundaries, at a sufficient distance from the interest zone, is crucial
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to escape unrealistic responses arising from interior forcing within the model domain. Conversely,
a smaller domain can limit the model's ability to represent internal, higher resolution forcing,
potentially leading to unrealistic results (Giorgi and Mearns, 1999). Additionally, Nobre et al.
(2001) observed that the accuracy of their simulations was significantly influenced by both the
spatial resolution of the RCMs and the placement of the lateral boundaries. Additionally, the
findings of Shiao and Juang (2006) demonstrated that the size of the simulation domain exerts a
more significant influence on the modeled large-scale atmospheric circulation and the spatial
distribution of rainfall compared to the impact of horizontal resolution. This underscores the
importance of selecting an appropriately large domain to ensure that the model adequately captures
the interactions between regional and larger-scale meteorological processes, which are critical for
accurately simulating precipitation patterns. Sylla et al. (2010) proposed that the improved
performance of their simulation with a relatively large domain could be attributed to the use of
higher-quality reanalysis data at the model boundaries. The discussion highlights the critical
importance of domain size, lateral boundary location, resolution, and forcing data quality in
influencing the functioning of RCMs. Furthermore, Almazroui et al. (2018) conducted an in-depth
investigation into the role of topography and surface heat exchange in the evolution of a significant
heavy rainfall event that occurred over Jeddah, SA, on November 25, 2009. Utilizing the Weather
Research and Forecasting (WRF) model, their study analyzed how these physical factors influenced
the meteorological dynamics and processes contributing to the event's intensity and spatial
distribution of precipitation. They showed that the topography of the RS and surface heat exchange
played a significant role in shaping both the intensity and spatial distribution of the rainfall over
Jeddah. In addition, Deng et al. (2015) studied two other severe rainfall events over SA, which
occurred on December 30, 2010, and January 14, 2011, using WRF model. Their findings
demonstrated that the model adequately captured the convective mechanisms causing the storms
and successfully recreated the three periods of intense rainfall. Al-Mutairi et al. (2019) performed a
comprehensive sensitivity study to examine the impact of the RS topography and water body on the
development and precipitation associated with a cyclogenesis event that occurred over SA from
November 16 to 18, 2015. Their analysis demonstrated a strong alignment between the simulated
rainfall and estimates from the Tropical Rainfall Measuring Mission (TRMM) data, accurately
capturing both the intensity and spatial distribution of rainfall. Notably, the absence of topography
in the model simulations led to unexpected changes in the spatial distribution and intensity of
extreme rainfall events, particularly over central and northern SA.

This article primarily aims to examine the performance of WRF model in replicating a significant
rainfall event that impacted western SA on May 8, 2014. During this event, the Makkah
meteorological station observed intense thunderstorms and recorded close to 50 mm of rainfall. By
evaluating how well the model simulates these atmospheric conditions, the study seeks to
understand its effectiveness in predicting severe weather events in the region.

1. Data and Methodology
1.1. Data Used

The present study utilized three primary datasets. The first dataset comprised the ERAS reanalysis
data ECMWF (Hersbach et al., 2020). This dataset provided six-hourly observations of horizontal
(u, v) and vertical (w) wind components, temperature, and geopotential height at ten pressure levels,
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ranging from 1000 hPa to 100 hPa, with a horizontal resolution of 1° x 1°. The spatial coverage
encompassed the region extending from 20°W to 70°E and 5° to 70°N from 6th to 12th May 2014.
This dataset served as a crucial resource for conducting synoptic analysis and evaluating the
model's capacity to accurately reproduce the system of cyclogenesis. Daily precipitation data
derived from the TRMM 3B42-Version 7 product (Huffman et al., 2010), characterized by a 0.25° x
0.25° horizontal resolution, were employed to evaluate the simulated rainfall generated by WRF
model during the occurrence of the selected severe precipitation event.

WRF model utilized high-resolution static input data, including land use information, soil
parameters, and orography, derived from the United States Geological Survey (USGS) database
with a resolution of 2 arcminutes. Both the initial and subsequent boundary conditions for the model
were obtained from the NCEP Global Reanalysis dataset, which provides data with a 1° x 1°
(spatial) and 6 hours (temporal) resolution. The simulation of WRF encompassed a comprehensive
suite of meteorological parameters. These included three-dimensional meteorological at 27 distinct
pressure levels. Furthermore, the model utilized four layers of soil data, enabling detailed
representation of soil moisture and thermal properties. Additionally, the simulation incorporated
meteorological variables at the surface providing essential information about surface conditions and
atmospheric interactions. To ensure consistency across the simulation, fixed sea surface
temperatures derived from the NCEP dataset were used through the entire modeling process. This
approach, as outlined by Chawla et al. (2018), allowed for the standardization of oceanic conditions,
ensuring that variations in sea surface temperature did not influence the results and maintaining a
controlled environment for the study.

1.2. WRF Overview, Configuration, and Setup

WRF model is a popular mesoscale NWP system that is used by the scientific community as well as
operational meteorologists (Mohan and Sati, 2016). Developed through a collaborative effort
among several leading institutions in the United States, including NCAR, NCEP, and the FSL, the
WREF has become a crucial tool for weather forecasting and atmospheric research. The Advanced
Research WRF (ARW) core and the Nonhydrostatic Mesoscale Model (NMM) core are the two
main dynamical cores that are incorporated into the WRF model. The ARW core employed in this
study operates on a fully compressible, Eulerian framework designed to solve the non-hydrostatic
equations of motion, ensuring accurate representation of atmospheric dynamics. It uses a terrain-
following vertical coordinate system, based on hydrostatic pressure, which enables the model to
effectively simulate a wide range of atmospheric phenomena. This configuration allows the model
to accurately capture short-lived and extreme events, such as heavy precipitation, severe
thunderstorms, and cyclones, making it highly suitable for mesoscale weather simulations and
studies of localized atmospheric processes.

The synoptic patterns, mesoscale weather systems, and rainfall distribution over the study area
(Figure 1) were simulated using WRF-ARW version 4.6.0 for the period of May 6—12, 2014. This
broad domain was strategically chosen to provide a comprehensive understanding of the synoptic
conditions and mesoscale weather systems that contributed to the rainfall event over SA. To achieve
a higher level of spatial detail, an internal domain with increased resolution was incorporated. The
outside domain had a resolution of approximately 36 km, while the nested internal domain featured
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a finer resolution of about 12 km, allowing for more precise simulation of localized weather
features and the dynamics associated with the rainfall event. The model was configured with a 120-
second time step and integrated for 168 hours, starting from 00Z on May 6, 2014. As a spin-up
time, the first twenty-four hours were eliminated (Maussion et al., 2014).

The model was configured with several advanced physical parameterizations to accurately simulate
the extreme rainfall event. For microphysics, the Ferrier (new Eta) scheme (Aligo et al., 2018) was
used, which accounts for cloud microphysical processes, including the formation of precipitation.
The radiation scheme employed was the Rapid Radiative Transfer Model for GCMs (RRTMG)
(Iacono et al., 2008), which accurately simulates both shortwave and longwave radiation processes
in the atmosphere. For the surface, the Monin-Obukhov scheme (Monin and Obukhov, 1954) was
applied, providing a detailed representation of turbulence and heat flux exchanges between the
atmosphere and the surface. The WRF also incorporated the five-layer thermal diffusion land
surface model (Dudhia, 1996) to simulate the interactions between the land surface and the
atmosphere, including processes such as soil temperature and moisture dynamics. The PBL
(Planetary Boundary Layer) scheme chosen for this study was the Yonsei University (YSU) PBL
scheme (Hong et al., 2006), which is effective at modeling vertical mixing and boundary layer
dynamics. Additionally, the Kain-Fritsch cumulus parameterization scheme (Kain, 2004) was
implemented to represent deep convection and the associated cloud and precipitation processes,
crucial for capturing the intensity and distribution of rainfall during the extreme event. These
combined schemes allowed the WRF to capture the complex interactions and dynamics involved in
the extreme rainfall event accurately.
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Figure 1 Geographical map of the study area (first domain). Shaded areas represent surface
topography (in meters), while the blue box outlines the second domain used for WRF model
simulations.
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2. Results and Discussion

2.1. Synoptic Discussion

The cyclogenesis event analyzed in this study depicts a typical situation observed over the EM
where the interaction between an upper-level mid-latitude cyclone and RST plays a crucial role.
Figures 2 and 3 present the temperature (°C) and geopotential height (gpm) at 1000 hPa and 500
hPa, respectively. Figure 4 shows the horizontal distribution of temperature advection and
geopotential height (gpm) at 850 hPa. Furthermore, Figure 4 highlights the region of baroclinicity in
the lower levels during the study period. At 00Z on May 7, 2014, the subtropical high dominated
much of North Africa and the Mediterranean region, exerting its influence over a wide area with
stable atmospheric conditions (Figure 2a). Simultaneously, the Siberian high was centered over
Turkey and the Black Sea, contributing to cooler, stable air masses in this area. Conversely, the
extension of Sudan monsoon low (RST) extended into southeastern Egypt and the RS region. This
low-pressure system created favorable conditions for the convergence of moist air, setting the stage
for potential convective activity in the affected areas. The northward oscillation of the RST is
clearly depicted by the movement of the 100 gpm contour line (represented by the green line) in
Figure 2. This oscillation highlights the expansion of the low-pressure system toward higher
latitudes. Furthermore, a pronounced thermal gradient, indicated by the red contour lines, is evident
in association with the RST. This gradient extends zonally across northern Sudan and southern SA,
emphasizing the stark temperature contrasts in these regions and the dynamic atmospheric processes
linked to the trough (Figure 2a). At 00Z on May 7, 2014, a mid-latitude cyclone and its associated
trough were prominently observed at the 500 hPa level over the eastern region of Europe (Figure
3a). The trough associated with this cyclone exhibited a pronounced tilt, extending from
northeastern Turkey southwestward, stretching across northern Libya and Egypt. This configuration
highlights the cyclonic influence over a broad area, with the trough's southwestward extension
suggesting the potential for dynamic atmospheric interactions and energy transfer across these
regions. A distinct temperature gradient extends across western and central SA, linked to the
northward oscillation of the RST (Figure 4a). This thermal gradient indicates significant
temperature contrasts in these areas, driven by the dynamic interaction between the warm, moist air
from the south and the cooler, drier air from the north. The gradient's presence across such a wide
area underscores its critical role in shaping the atmospheric conditions conducive to convective
activity and potential precipitation events. During the next 12 hours (12Z07 May), a significant
temperature gradient will develop across most of SA and eastern part of Sudan (Figure 4b). At the
same time, at the 1000 hPa level, the subtropical high weakens, the Siberian high moves eastward,
and the RST steadily progresses northward (Figure 2b). Figure 4b illustrates the presence of a
region of cold air advection over North Africa, indicating the southward transport of cooler air
masses, while warm air advection dominated most of the AP, signifying the northward movement
of warmer air. Meanwhile, the cut-off low at 500 hPa began to intensify and shift eastward,
extending its influence over northern Libya and Egypt (northwestern part) (Figure 3b). This
progress was closely linked to cold air advection originating from northern Europe, which
contributed to the development of the upper-level trough. The simultaneous intensification of
surface (1000 hPa) and upper-level pressure systems commenced at 12Z on May 7, 2014, and
persisted until May 10, 2014, marking a period of significant atmospheric dynamism and interaction
between the synoptic-scale systems.



60N

Assessing WRF Model Performance for a Severe Case of Rainfall in Western Saudi Arabia

a) OOZO7MAYZ2014

60N

b) 12ZO7MAY2014 1000 hPa

25N -
20N - ) A\ .
15N+ X 4%>\\J ST
) - ———e— QO 2 N = -
1on 2= SR S /W A== 10N k=
10E 20E 30E 40E 50E G60E = 10E OE
<) OOZOBMAY=2014 1000 hPa d) 12Z0O8MAY=2014 1000 hPa
BON porormmpmr— e~ 60N o= e
et T > ) b
55N -2 <K o
ST
50N - : ; -

asn I
40N
35N |
30N
25N
20N -
15N

10N

45N -
40N -
35N -
30N -
25N -
zonN |

15N A
7.

-

N
BN

\

10N

50N
45N

40N

e

h) 12Z10

MAYZ2014

T s A N o y
B R - AN T T 4
15N O SA  V-= 15N T
;/425‘_\ > A -
10N , o _oallf () ; onN -
10E 20E 30E 40E 50E 60E  10E

208

Figure 2. 1000 hPa height contours (solid blue lines) and temperature (red dotted) at 00Z and 12Z for 07 to 10 May
2014.
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Figure 3. 500 hPa geopotential height contours (solid blue lines) and temperature (red dotted) at 00Z and 12Z for 07 to
10 May 2014.
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At 00Z on May 8, 2014, the surface RST extended northward, significantly influencing the northern
regions of the study area, which included Egypt, the EM, and SA. The Sudan Low, positioned
centrally over the Red Sea, was characterized by a geopotential height of 25 gpm at its core (Figure
2c¢), highlighting its prominence in the region's atmospheric dynamics. Concurrently, the cut-off low
at 500 hPa continued to intensify, deepening further as it advanced slowly eastward. By this time, it
encompassed northern Egypt, with its center marked by a geopotential height of 5520 gpm (Figure
3c¢). This configuration highlights the enhanced interaction between surface and upper-level
systems, contributing to the evolving synoptic conditions in the region. At the 850 hPa level, the
advection regions (cold and warm) exhibited a slight eastward shift in response to the shifting
atmospheric system. A notable area of intense cold advection developed over Egypt and SA,
extending into the Red Sea region. Meanwhile, the warm advection region shifted southeastward,
reflecting the dynamic redistribution of air masses as the system progressed across the area. This
movement of cold and warm air is indicative of the evolving pressure patterns and the intensifying
atmospheric interaction within the region. At the 1000 hPa level, the extension of the pressure
system to the north became more pronounced, with the 100-gpm contour line reaching the northern
Mediterranean, displaying a broader zonal distribution. This expansion facilitated the formation of a
cut-off low over eastern Egypt and the northern Red Sea, where the atmospheric dynamics
converged to create a distinct low-pressure system. The northward and zonal extension of the
pressure contours contributed to the intensification of this cut-off low, highlighting the significant
changes in the atmospheric structure at this level. During the period from 12Z on May 8, 2014, to
12Z on May 9, 2014 (when it rains), a robust interaction occurred between the stretched RST,
which originated in the tropical region (Figures 2d, e, f, and g), and the upper-air trough (Figures
3d—g). This interaction became increasingly powerful as the two systems—the RST and the upper-
air trough—merged into a single, more powerful system. The primary role of the extended RST was
to transport warm, moist tropical air northward, while the upper-air trough contributed a robust cold
advection from the polar region, pushing cold air southward (Figures 4d—f). The convergence of
these polar cold air and tropical warm air significantly intensified atmospheric instability over the
EM and SA. Heavy rains developed as a result of this interaction, with the peak precipitation
occurring between 12Z on May 8 and 12Z on May 9 (Figure 5). After 12Z on May 10, 2014, the
upper-air trough moved northeastward, and the RST shifted southwestward (Figures 2h and 3h). As
a result, the interaction between the two systems dissipated, and atmospheric stability returned, with
the high-pressure dominating the region once again.

2.2. Comparison of Rain from WRF and Satellite data

Figure 5 shows the horizontal distribution of accumulated daily rainfall from the TRMM in
the left column and the WRF in the right column. TRMM provides observed rainfall data based on
satellite measurements, so it is also capable of identifying where rainfall is occurring, especially in
areas with limited or nonexistent ground-based observations. However, TRMM's measurements are
subject to certain limitations, such as the inability to capture rainfall in areas with thick cloud cover
or areas with very low rainfall. Nonetheless, TRMM provides valuable data on the global
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distribution of rainfall, and its high resolution allows it to capture local variability to some extent,
though it may still miss some fine-scale features that ground-based or high-resolution models like
WREF can resolve.

On 07 May 2014, no rainfall was recorded at Makkah and Madinah stations. TRMM data
(Figure 5a) indicated significant rainfall in two primary regions within the study area: East Africa
and the EM region, which includes Sinai, the Levant, and northern SA. The maximum rainfall
intensity reached approximately 40 mm.

On May 7, 2014, no rainfall was observed at the Makkah and Madinah meteorological
stations. However, TRMM satellite data (Figure 5a) indicated notable rainfall in two main regions
within the study domain: East Africa and the EM region, encompassing Sinai, the Levant, and
northern SA. The highest recorded rainfall intensity reached approximately 40 mm. The model
output successfully reproduced the intensity and horizontal distribution of the rainfall but displayed
a slight eastward displacement (Figure 5b). Additionally, the model output revealed a broader
rainfall coverage compared to the satellite data, particularly over Egypt and western SA. This
suggests that the model overestimated the extent of the rainfall, making it appear more widespread
than what was observed in the TRMM data. On May 8, 2014, Makkah recorded a significant
rainfall total of 50 mm, while Madinah registered 4 mm. TRMM satellite data indicated
approximately 30 mm of rainfall over Makkah and similar amounts over Madinah (Figure 5c). The
TRMM data also identified rainfall over the mid-western and northeastern regions of SA, with
intensities ranging from 0 to 30 mm. The model output effectively captured the rainfall distribution
in the EM region, although it exhibited a slight underestimation in intensity and a southeastward
displacement (Figure 5d). In contrast, the model showed higher rainfall quantities over the central
area of SA, with the rainfall pattern shifting toward the north compared to the satellite observations.
This suggests some discrepancies in the model's simulation, particularly in central and northern
areas. On May 9, 2014, no rainfall was recorded at the Makkah or Madinah meteorological stations.
However, TRMM satellite data indicated light rainfall in SA (central part) (Figure 5e). The WRF
output also detected rainfall in this area, though it simulated slightly higher intensities compared to
the observations from the TRMM data (Figure 5e). This discrepancy highlights the model's
tendency to overestimate rainfall intensity in certain areas, despite generally capturing the spatial
distribution of precipitation events. Overall, the WRF simulation demonstrates a reasonable
capability to predict the horizontal distribution of rainfall, demonstrating a comparatively high
degree of agreement with TRMM data. Nevertheless, the model's daily rainfall forecasts typically
overshot by 10% to 20% the equivalent total daily values that TRMM records. This overestimation
is particularly pronounced in areas experiencing maximum rainfall, such as the RS region and the
northwestern parts of SA. This suggests that while the model effectively captures general rainfall
patterns, it exhibits a tendency to amplify rainfall intensities in regions of peak precipitation. This
overestimation is a common challenge in NWP models, especially when simulating localized
convective systems influenced by complex topography. Several factors may contribute to this
overestimation. One factor is the convective parameterization; WREF's convective schemes may
struggle to accurately represent intense convective processes, leading to the overestimation of heavy
rainfall events. Another factor is spatial resolution: coarser model resolutions limit the ability to
capture localized rainfall, especially in mountainous regions or areas with complex terrain.
Furthermore, model parameterization plays an important role; the physical parameterizations used
in WRF, such as cloud microphysics and radiation schemes, may not be optimally tuned for the
specific conditions of the Red Sea area and northwest SA. Additionally, the model settings
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including the boundary and initial conditions used in the model can significantly affect its
performance. Inaccurate or incomplete initial and boundary data can lead to errors in rainfall
predictions. Addressing these factors through improvements in model physics, higher resolution
simulations, and more accurate boundary and initial conditions can potentially enhance the accuracy
of WREF rainfall predictions in these regions.
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Figure 5. The accumulated daily rainfall from the TRMM dataset and the WRF output for the period 0709 May 2014.

2.3. Comparison of Synoptic fature from WRF and ERAS data

To further evaluate and validate the accuracy of the WRF simulation, a comparative analysis
was conducted between the synoptic patterns of geopotential height and temperature gradient by the
WREF and those derived from the ERAS reanalysis dataset. Specifically, the temperature gradient
and geopotential height fields at 1000 hPa (Figure 6), 500 hPa (Figure 7), and 850 hPa (Figure 8)
from the WRF simulation were matched to the relevant fields in the ERAS dataset (Figures 2, 3, and
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4). This comparative analysis aimed to assess the model's ability to accurately replicate key
atmospheric features and ensure consistency with observed patterns at different atmospheric levels.
The comparison at the 1000 hPa level revealed that the WRF effectively simulates the temperature
gradient and accurately represents the different pressure systems, with only minor discrepancies in
the positioning of their centers and the extent of their horizontal coverage. Furthermore, the
extended center of the RST over the EM and SA throughout the study period exhibited a high
degree of similarity between the WRF simulation and ERAS data. This agreement is evident by
tracing the 100 gpm contour line and observing its spatial extent in the geopotential height field,
both east and west of the Red Sea (Figures 2 and 6). The alignment of these features underscores
the model's capability to capture the key atmospheric patterns observed during the study.

The 500 hPa charts during the period of the study show that the upper-air trough spatial
distribution in the WRF simulation and the ERAS dataset is very consistent. The alignment of these
patterns indicates that the WRF effectively describes the structure and position of the upper-level
trough. The only notable difference lies in minor deviations, with variations of up to +30 gpm
observed in the cut-off low center (Figures 3 and 7). These small discrepancies highlight the
model's strong performance in accurately reproducing the synoptic-scale features at the 500 hPa
level.

Figure 8 presents the horizontal distribution of temperature advection and geopotential height
(gpm) at the 850 hPa level, as derived from the WRF simulation. This figure also highlights the
baroclinic zone present in the lower atmospheric layer throughout the study period. When
comparing Figure 8 with the corresponding ERAS data shown in Figure 4, it is evident that the
horizontal distribution of geopotential height is nearly identical between the two datasets. However,
there are minor discrepancies in the geopotential height values, consistent with the small differences
observed at the 1000 and 500 hPa levels. These variations do not significantly affect the overall
spatial agreement, underscoring the model's capability to replicate key synoptic features at this
level. However, the real difference between the two figures lies in the thermal advection. We
observe that the horizontal distribution of thermal advection is consistent between the WRF and
ERAS datasets, with similar patterns of heating and cooling. Nevertheless, the model exhibits a
tendency to overestimate the intensity of both cold and warm advection when compared to the
ERAS dataset. This overestimation is evident in the stronger temperature gradients and advection
patterns simulated by the model, which slightly exaggerate the actual atmospheric dynamics
reflected in the ERAS analysis. Such differences may influence the depiction of thermal and
baroclinic processes within the study domain. From a broader perspective, the model effectively
captured the spatial patterns of cold and warm advection, as well as the associated baroclinic zones,
demonstrating its capability to represent these features reasonably well. However, the model
exhibited a tendency to overestimate the intensity of these advection processes when compared to
the ERAS dataset. This discrepancy can be attributed to several factors, including the choice of
convective parameterization schemes, spatial resolution, model physics parameterizations, and the
quality of boundary and initial conditions. These factors, as highlighted in the precipitation
comparison section, have a significant impact on the accuracy of the simulated atmospheric
processes. Addressing these challenges and refining the model's configuration to better replicate
such scenarios remains an important area for future research, emphasizing the need to carefully
evaluate and select appropriate settings to enhance model performance.



215 Ahmad E. Samman, Abdallah Abdaldym, and Mostafa Morsy

1000 bhPa b) 12ZO07MAYZ2014
= 50N = == =

=2

»

L
45N o
O~ ' G
s0on R L758
AR

35N A

30N -

25N -

20N {7

15N

10N

d) 12Z08MAY2014
S5ON ~——To

— o<
45N -
40N %
35N A
30N -
25N -
20N A

15N A
S

10N

50N
45N A
40N -
35N
30N —:

25N -

S
20N -

15N A

&Y. < .
[ =5 s
‘Lﬁ( - 50Rs pier3 oY

SE Z20E 25E 30E 35E 40E 45E S5S0E 55E

.28

10N
1

g) 0O0Z10MAYZ2014 h) 12Z10MAYZ2014 1000 hPa
50N - — 50N -
SR A=Y
[8) 3 ¢ . T Xg= 7
45N - 45N : - [ e < SR PRI < RN P
40N - 40N
35N - 35N
30N - 30N -
25N 4 25N -
20N {7 20N -
29
15N - Sue—" - | 18N -
_28ag 75
2L on

10N

Figure 6. 1000 hPa height contours (blue) and temperature (red) at 00Z and 12Z for 07 to 10 May 2014 from WRF
output.
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Figure 7. 500 hPa geopotential height (solid blue lines) and temperature (red dotted) at 00Z and 12Z for 07 to 10 May

2014 from WREF output.
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3. Conclusion

This study aimed to simulate the horizontal distribution and intensity of a significant rainfall
event that occurred over central and western SA from 8 May 2014, using WRF model. The analysis
of the synoptic patterns demonstrated that the primary driver of this significant rainfall event was
the dynamic interaction between a cold upper air trough, associated with a midlatitude cyclone, and
the lower-level RST. The upper-level cold trough provided the necessary atmospheric instability by
introducing cold air aloft, while the RST at the lower levels played a pivotal role in transporting
warm, moisture-laden air masses from the Red Sea and the Arabian Sea. This moisture advection
towards western SA and its surrounding regions created a conducive environment for enhanced
convection and precipitation, culminating in the observed rainfall event. The model effectively
simulated the spatial distribution patterns of rainfall, demonstrating a notable level of agreement
with TRMM data. However, it tended to overestimate the daily accumulated rainfall totals by
approximately 10-20%, especially in areas experiencing intense precipitation. These regions
included the RS area and the northwestern parts of SA, where the model produced higher rainfall
magnitudes compared to satellite observations. Additionally, the synoptic properties and spatial
patterns of warm and cold advection (baroclinicity) may be accurately represented by the model.
However, the WRF exhibited a tendency to overestimate the intensity of both cold and warm
advection processes when compared to the ERAS reanalysis data. The overestimation of rainfall by
the model compared to TRMM data, along with discrepancies in synoptic features and thermal
advection patterns, can likely be attributed to limitations in the model’s spatial resolution, physical
parameterization schemes, and its capability to accurately simulate localized convective processes.
These shortcomings highlight areas where the model may not fully capture the complexities of
atmospheric dynamics. To enhance the accuracy of rainfall predictions, future research should
prioritize refining model resolution, improving physical parameterization techniques, and
integrating more extensive observational datasets to better represent mesoscale and convective
phenomena.
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