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Abstract

The sensitivity of different cumulus physical parameterization schemes for

simulating extreme winter precipitation events over the Arabian Peninsula

(AP) is investigated using a high-resolution weather research and

forecasting (WRF) model. For winters in 2001–2016, the following three

parameterization schemes are examined: (i) Kain–Fritsch (KF), (ii) Betts–
Miller–Janji�c (BMJ), and (iii) Grell–Freitas (GF). The simulation results

suggest that the AP extreme winter rainfall events are best simulated using

the KF, followed by the BMJ, in terms of spatial distribution and intensity.

The spatial pattern correlation coefficient between the model-simulated and

observed rainfall is highest with KF (0.94), followed by BMJ (0.91) and GF

(0.76). These results are attributed to a better representation of the moisture

transport associated with upper-tropospheric cyclonic circulation and

potential vorticity intrusions. By contrast, the GF scheme fails to simulate

moisture convergence and updrafts, leading to an unrealistic representation

of cloud hydrometeors and an improper organization of convection and

associated extreme rainfall intensities. Meanwhile, the KF and BMJ also

successfully simulate the dynamics and thermodynamics of extreme rainfall

events that are usually driven by synoptic forcing. The study results suggest

that the choice of cumulus parameterization schemes in the WRF model is

critical for reliable simulation of extreme rainfall in the hyperarid AP

region.
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1 | INTRODUCTION

The Arabian Peninsula (AP) has become increasingly
water-stressed in recent decades (Barlow et al., 2015;
Dasari et al., 2021; Kumar et al., 2015; Osman-
Elasha, 2010). The primary water sources for the region
are limited groundwater, seasonal rainfall, and seawater
desalination (Ouda, 2013). However, the rapid increase
in urbanization and agricultural activities has increased
the stress on water supplies in the region. Moreover,
additional pressure on the management of these water
resources is imposed by recent increases in episodic
droughts (Hoteit et al., 2021; Kumar et al., 2017; Ragab &
Prudhomme, 2000) and the projected climate changes for
the region (Almazroui, 2016; Attada et al., 2018; Attada,
Dasari, Chowdary, et al., 2019; Attada, Dasari, Parekh,
et al., 2019). Various parts of the globe are experiencing
increased heavy rainfall events in terms of frequency and
intensity due to climate change (Aggarwal et al., 2022;
Boyaj et al., 2020; Goswami et al., 2006; Luong et al., 2017;
Min et al., 2011; Nischal et al., 2022). The AP region has
suffered from several devastating floods due to extreme
rainfall events (EREs) in recent decades (e.g., Al-Khalaf &
Basset, 2013; Dasari et al., 2017; Haggag & El-Badry, 2013;
Kumar et al., 2015, 2016; Viswanadhapalli et al., 2016). The
effects of these EREs have been under the radar of various
sectors, from the government to the public.

Most AP rainfall (approximately 75%) occurs during the
wet season between November and April (Almazroui, 2011;
Attada et al., 2020; Dasari et al., 2018; Kumar &
Ouarda, 2014). Given the crucial role of complex terrain
in the initiation and organization of convective processes,
convective rainfall occurs across the region with high spa-
tial variability around mountain ranges (Kumar et al., 2015;
Luong et al., 2020, and references therein). Some studies
have reported that the frequency and intensity of the
heavy rainfall events during the wet season have increased
over the AP in recent years (Almazroui et al., 2013; Luong
et al., 2020).

These EREs are associated with severe flash floods,
fatalities, and significant economic losses (Al-Khalaf &
Basset, 2013; Almazroui et al., 2013; Haggag & El-
Badry, 2013). For instance, in November 2009, December
2010, and January 2011, flash floods resulted in many
deaths, with thousands of people affected and the loss of
billions of dollars due to damage to the regional infra-
structure (Atif et al., 2020; EM-DAT, 2012). Therefore,
accurate simulation and prediction of such catastrophic
rainfall events with state-of-the-art atmospheric models
are essential for developing an early warning system for
the AP region. However, flood prediction is challenging
and requires sound knowledge and understanding of the
involved physical conditions, especially in arid regions

associated with mountainous terrain (Carrillo
et al., 2017). An in-depth understanding of the variability
of hydrological EREs would help improve the methodol-
ogy for the accurate prediction and design of efficient
strategies for mitigating flood flow and its associated
risks.

While coarse-resolution global models do not repre-
sent the regional-to-local rainfall characteristics well,
regional models implemented at a higher resolution may
enable better simulation of the interplay between the
large-scale weather systems and local orography
(Gadgil & Sajani, 1998; Raju, Parekh, Chowdary, &
Gnanaseelan, 2015; Ratna et al., 2014; Srinivas
et al., 2013), potentially lowering a major source of uncer-
tainty in rainfall prediction (Raju, Parekh, Kumar, &
Gnanaseelan, 2015). However, while some recent studies
have used high-resolution regional models in an attempt
to examine the characteristics of EREs and flooding
events over Jeddah, Saudi Arabia (Al-Khalaf &
Basset, 2013; Deng et al., 2015; Haggag & El-Badry, 2013;
Luong et al., 2020), these were limited to specific loca-
tions or cases. Hence, a better understanding of the
regional-scale dynamics and physical processes behind
the EREs is still needed. A high-resolution regional
model equipped with advanced cumulus parameteriza-
tion schemes (CPSs) could provide reliable information
for characterizing regional convection processes, particu-
larly EREs (Nguyen et al., 2009; Prein et al., 2015). Attada
et al. (2020) recently investigated the winter precipitation
climatology over the AP and examined its sensitivity to
various CPSs using a high-resolution regional weather
research and forecasting (WRF) model. In this work, we
used the same WRF model configuration as in Attada
et al. (2020), but we focus on the dynamics of the EREs
and discuss their sensitivity to the CPSs, which is of
essence for this region and is of interest for other regions
worldwide.

The present study examines the winter ERE simula-
tions over the AP using a high-resolution WRF model
with various CPSs from 2001 to 2016, including investi-
gating the underlying physical and dynamical processes.
The investigated CPSs are evaluated in terms of success-
fully reproducing the intensity and spatial patterns of
EREs and their underlying physical and dynamical pro-
cesses over the AP.

2 | MODEL, DATA, AND METHODS

2.1 | Model configuration

The model configuration is the same as that of Attada
et al. (2020), from which the following model description
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is derived with minor modifications. The Advanced
Research WRF model (version 3.8.1; Skamarock
et al., 2008) was implemented with 52 vertical sigma
levels, extending from the surface to 10 hPa. The model
was configured with two two-way nested domains with
horizontal resolutions of 15 km covering 30� W to 130� E
and 30� S to 45� N and 5 km (convective parameteriza-
tion is not deactivated) covering the entire AP. Similar
resolution is used to simulate the EREs in different
regions of the world using WRF (Boyaj et al., 2020;
Reshmi Mohan et al., 2018; Singh et al., 2018). The initial
and boundary conditions (every 6 h) were obtained
from the European Centre for Medium Range Weather
Forecasts Interim Reanalysis (ERAI) data available at
a resolution of 0.75� � 0.75�. The simulations were con-
ducted from 2001 to 2016 for each winter season between
November 1 and April 1. The first-month outputs
were treated as a spin-up period to remove any spurious
effects.

It is noteworthy to mention that model sensitivity
experiments are conducted at the grey scale resolution
of 5 km, where convective parameterization is not de-
activated. Taraphdar et al. (2021) recently demonstrated
that by carefully choosing the right model physics pack-
ages to describe the synoptic and meso-scale precipitation
in the Middle East region, the grey-zone resolution model
performed as good as convection-permitting model.
Moreover, Jing et al. (2020) demonstrated the superiority
of “grid spacing of 5 km or finer” models over coarser-
grid regional models in the Middle East region. Several
other studies have successfully used similar resolution
models to simulate tropical convection phenomenon such as
radiative–convective equilibrium (Pauluis & Garner, 2006),
Madden Julian Oscillations (Chen et al., 2018), and
monsoon (Taraphdar & Pauluis, 2021).

For each season, three simulations were performed
using (i) the Kain–Fritsch (KF) CPS (Kain, 2004; Kain &
Fritsch, 1993), (ii) Betts–Miller–Janji�c (BMJ) CPS
(Betts & Miller, 1986; Janji�c, 1994), and (iii) scale-aware
Grell–Freitas (GF) CPS (Grell & Freitas, 2014). The sensi-
tivity of the model to the following three CPSs is investi-
gated: KF (Kain, 2004; Kain & Fritsch, 1993), BMJ
(Betts & Miller, 1986; Janji�c, 1994), and the scale-aware
GF (Grell & Freitas, 2014): KF is a simple mass-flux cloud
model for moist updraft/downdraft. It includes a trigger
function to initiate convection, compensating for circula-
tion, and closure assumption. BMJ is a convective-adjust-
ment-type scheme developed to adjust atmospheric
instabilities towards a reference profile derived from a cli-
matology by triggering deep convection, when sufficient
moisture is available. GF is an ensemble scheme, in
which multiple cumulus schemes and variants are run
within boxes to obtain an ensemble-mean realization.

The ensemble members use different parameters for
updraft/downdrafts entrainment/detrainment. It is an
updated Grell–Dévényi scheme (Grell & Dévényi, 2002),
such that the scale awareness is improved by introducing
the method of Arakawa et al. (2011). This relaxes the
assumptions of traditional parameterizations in which
convection is contained within individual model grid col-
umns when the fractional area covered by convection
clouds is small. The full details of other model physical
parameterization schemes used in this study can be
found in Attada et al. (2020).

2.2 | Data and methods

Daily precipitation data with a spatial resolution of
0.25� � 0.25� were obtained from the Tropical Rainfall
Measuring Mission (TRMM) (v. 7; Huffman et al., 2007,
2010). The model-simulated temperature, specific humid-
ity, potential vorticity, precipitable water, horizontal
wind vectors, and vertical motions at various pressure
levels were evaluated according to the National Aeronau-
tics and Space Administration's Modern-Era Retrospec-
tive Analysis for Research and Applications Version
2 (MERRA-2; Gelaro et al., 2017) data at a horizontal
resolution of 0.58� � 0.625�. Geostationary Meteosat
satellite images were also used to examine the mesoscale
convective systems and associated rainfall for the
selected EREs.

The vertically integrated moisture transport (kg/m/s)
was computed using the formula:

VIMT¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
g

Z 300

1000
qudp

� �2

þ 1
g

Z 300

1000
qv dp

� �2

,

s

where V denotes the horizontal velocity, q represents the
specific humidity, u is the zonal wind, v indicates the
meridional wind, and dp denotes the vertical incremental
change in pressure. The mass-weighted vertical integra-
tion was performed using data between 1000 and
300 hPa.

2.3 | Identification of EREs

The criteria for characterizing EREs can be challenging
due to the erratic and intermittent spatial rainfall distri-
bution over the AP (Kumar et al., 2015). Consequently, var-
ious approaches for characterizing EREs have been
suggested for the AP, including a probabilistic approach
based on the selection of a specific percentile (i.e., the aver-
age amount of rainfall exceeding the 99th, 95th, and 90th
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percentiles), or the use of absolute thresholds based on the
climatological values for a given region (Field, 2012). In the
present work, a standardized anomaly method suggested by
Kumar et al. (2015) was adopted due to its ability to deal
with the strong spatiotemporal rainfall intermittency over
hyper-arid regions, such as the central AP (CAP; 19� N–30�
N and 40� E–57� E; Figure 1a). The CAP, also known as
the hot desert of the AP, is among the driest environments
in the world (Attada, Dasari, Chowdary, et al., 2019; Kumar
et al., 2016; Oldfield, 2004). Its geographical location and
spatial extent represent two distinct climatic regimes, with
mid-latitude systems in the north and tropical monsoons in
the south (Attada, Dasari, Parekh, et al., 2019; Beaumont
et al., 1976; Shahin, 2007; Warner, 2004).

The normalized precipitation anomalies were first
computed over the CAP region based on TRMM and
model simulations from 2001 to 2016. Precipitation
events with a normalized precipitation anomaly greater
than one were flagged as EREs. After identifying the
EREs, the large-scale atmospheric conditions from the
model simulations and reanalysis data were analysed to
examine the signatures of the synoptic conditions trigger-
ing the EREs (Gao et al., 2014; Kumar & Ouarda, 2014;
Rudari et al., 2005). A composite analysis of EREs is per-
formed to evaluate the underlying physical mechanisms
in relation to the spatial variations in the dynamic and
thermodynamic parameters of the three CPSs relative
to the observations. Several previous studies (e.g., Kumar
et al., 2015; Rudari et al., 2005) have suggested the rele-
vance of such analyses in determining the fundamental
synoptic signatures of EREs.

3 | RESULTS AND DISCUSSION

The sensitivity of the model EREs to the choice of CPS was
first evaluated by comparing the simulated rainfall against
the TRMM observations. The circulation, temperature, verti-
cal motions, potential vorticity, and moisture advection
mechanisms were then analysed along with the microphysi-
cal characteristics of the clouds to understand the dynamical
and thermodynamical processes of the simulated EREs.

3.1 | Evaluation of EREs

The cumulative distributions of rainfall simulated by
the model using KF, BMJ, and GF schemes from 2001 to
2016 were compared with that of TRMM in Figure 1b.
Simulated rainfall using the KF and BMJ schemes agreed
significantly better with the TRMM data, with the KF
scheme providing the best overall performance. The sim-
ulated light rainfall distributions with the KF and BMJ

schemes were lower than those of TRMM, whereas the
moderate and heavy simulated rainfall results were
higher than the observations. The GF simulated cumula-
tive distribution rainfall is relatively lower than those
obtained with KF and BMJ schemes.

The cumulative distributions only provide statistical
information about the simulated and observed rainfall
probabilities and not the details of the corresponding
rainfall regimes; thus, a boxplot of the simulated and
observed (TRMM) daily rainfall is presented in Figure 1c.

FIGURE 1 (a) Topography of Arabian Peninsula (AP) and

rectangular box for the study region, Central Arabian Peninsula

(CAP). (b) Cumulative distribution of winter CAP rainfall from

TRMM, KF, BMJ, and GF. (c) Box plot of the average monthly

rainfall depth over the region from TRMM, KF, BMJ, and

GF. Edges of rectangular boxes represent the lower and upper

quartiles, solid red lines denote the median, squared dots indicate

the mean, whiskers, and asterisks, respectively. BMJ, Betts–Miller–
Janji�c; GF, Grell–Freitas; KF, Kain–Fritsch; TRMM, Tropical

Rainfall Measuring Mission.
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The simulated daily rainfall maxima during EREs are
lower than those of the TRMM, with the KF and BMJ
schemes again providing better performance than the GF
scheme. The rainfall distributions of the selected EREs
were further evaluated against the Meteosat images in
Figure S1, where the remotely sensed images suggest that
the EREs are primarily associated with deep convective
systems over the region.

The composite means of the various atmospheric
variables during the EREs in the TRMM/MERRA-2 and
model simulations are presented in Figure 2 and subse-
quent figures to elucidate the synoptic dynamics that
trigger heavy rainfall. The TRMM (Figure 2a) exhibits
the maximum (>10 mm) rainfall over the central and
northeastern parts of the AP. In terms of the spatial extent
(location and intensity) of rainfall patterns during EREs,
the model simulations with KF (Figure 2b) are in best
agreement with the observed data, followed by BMJ
(Figure 2c) with a slightly lower rainfall amount. The KF
also agrees well with the observed distribution of rain-
fall across the Mediterranean Sea coast. By contrast,
the GF (Figure 2d) does not reproduce the spatial
extent observed in the TRMM, KF, and BMJ. These
results agree with the recent work by Attada et al.
(2020), who also suggested that the KF and BMJ
outperformed the GF in terms of rainfall patterns. The
present study also reveals that the GF scheme fails to
simulate the EREs over the CAP, further outlining the
sensitivity of the simulated EREs towards the choice
of CPS.

3.2 | Synoptic characteristics of EREs

The synoptic features considerably influence the EREs
formation and are analysed as simulated by the different
CPSs compared with MERRA-2 to examine the dominant
physical mechanisms and antecedent conditions that trig-
ger the EREs. The composites of anomalies of lower
atmospheric circulation and precipitable water during
EREs from MERRA-2, KF, BMJ, and GF, are presented
in Figure 3a–d. In addition, MERRA-2 suggests the pres-
ence of an anomalous cyclonic circulation system over
the CAP that advects moisture from nearby water bodies
(the Red Sea, western Arabian Sea, and Arabian Gulf)
into the AP (Figure 3a). Moreover, WRF with KF
(Figure 3b) and BMJ (Figure 3c) successfully simulated
this cyclonic circulation and moisture convergence
(i.e., the location of high precipitable water content) asso-
ciated with the EREs over the CAP, with strong northerly
and southwesterly wind components, albeit to an overes-
timated magnitude. The simulated cyclonic circulation is
weaker with GF (Figure 3d), which results in a dry bias
during EREs over the region. Meanwhile, as KF and BMJ
simulate a higher level of precipitable water, which tends
to generate more local-scale or mesoscale vortices.

The composite anomalies of upper-tropospheric winds
and vertical velocity at 500 hPa from the different model
simulations and MERRA-2 are plotted in Figure 3e–h to
further investigate the upward motions of EREs over the
CAP. MERRA-2 suggests that strong upward motions
(mid-tropospheric ascents) occur during the EREs,

FIGURE 2 Composite pattern

of selected extreme rainfall events

(EREs) over the CAP for 2001–2016
in the winter season (December–
March) from (a) TRMM, (b) KF,

(c) BMJ, and (d) GF. BMJ, Betts–
Miller–Janji�c; CAP, Central Arabian
Peninsula; GF, Grell–Freitas; KF,
Kain–Fritsch; TRMM, Tropical

Rainfall Measuring Mission.
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indicating that dynamical lifting/potential instability is
key in generating such extremes. WRF with KF and BMJ
reproduced strong rising motions during EREs compared
with those of MERRA-2. By contrast, WRF with GF gener-
ally missed these vertical motions. It is further noticed that
the vertical circulation during EPEs over the AP is charac-
terized by a tilted structure with the centre of upper-level
circulation located westward with respect to the low-level
circulation anomalies.

In addition, MERRA-2 upper-tropospheric winds
(200 hPa) depict the presence of a subtropical westerly jet

(STJ) over the AP, with a maximum wind speed of about
45 m/s (Figure 4a). This jet is another well-known
dynamic factor in the generation of precipitation in this
region, acting as a waveguide for westerly disturbances
(e.g., Athar, 2014; Attada et al., 2020; Dasari et al., 2018;
Kumar et al., 2016; Kumar & Ouarda, 2014; Ouarda
et al., 2014). Therefore, evaluating the position of the STJ
is important to examine its response during the EREs.
Hence, the position of the upper-tropospheric STJ was
plotted by extracting the maximum wind velocity between
the latitude bands 10� N and 40� N for all longitudes

FIGURE 3 Composites (a–d) of
low-level (850 hPa) wind anomalies

(vectors) and precipitable water

(kg/m2; shaded) anomalies; (e–f)
upper-tropospheric (200 hPa) wind

(m/s; vectors) anomalies and mid-

tropospheric (500 hPa) vertical

velocity (pa/s; shaded) anomalies

associated with extreme winter

events over the CAP during the

winter season from (a, e) MERRA2,

(b, f) KF, (c, g) BMJ, and (d, h)

GF. BMJ, Betts–Miller–Janji�c; CAP,
Central Arabian Peninsula; GF,

Grell–Freitas; KF, Kain–Fritsch;
MERRA-2, Modern-Era

Retrospective Analysis for Research

and Applications Version 2.
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between 30� E and 70� E. Additionally, MERRA-2 indi-
cates that the winter STJ is shifted southward from its nor-
mal position during the EREs (Figure 4b). Similarly, WRF
simulations using the KF (Figure 4c) and BMJ (Figure 4d)
schemes indicate a strong (3�) southward shift in the
core of STJ during the EREs, and with the GF scheme
(Figure 4e), the model fails to simulate this southward
shift. This southward shift in the STJ could induce barocli-
nicity, promoting extreme rainfall by supplying a higher
moisture flux to the CAP from adjacent seas (Athar, 2014;
Sandeep & Ajayamohan, 2018). Previous studies have
reported that the upper-tropospheric STJ shift can gener-
ate a vorticity source for the Rossby wave formation,
generating local vorticity at lower levels (Athar, 2014;
Kumar & Ouarda, 2014). This uplifts higher moisture flux
from the adjacent sea areas (Chakraborty et al., 2006) dur-
ing the El Niño Southern Oscillation (ENSO) and Indian
Ocean Dipole events.

The composite structures of the vertically integrated
moisture transport from WRF with the different CPSs and

MERRA-2 were analysed to further investigate the mois-
ture advection mechanisms during EREs (Figure 5). In
simulations with the KF (Figure 5b) and BMJ (Figure 5c)
schemes, moisture fluxes were primarily transported from
the Red Sea and Arabian Sea. They are tied to the Arabian
anticyclone that transfers moisture from these water bod-
ies, agreeing with MERRA-2 (Figure 5a). The westerly
winds transport a significant amount of moisture from the
eastern Mediterranean to the CAP region. By contrast, the
GF-based model (Figure 5d) struggles to produce the mois-
ture advection as in the MERRA-2, leading to a dry bias in
EREs. This outcome emphasizes the importance of realis-
tic moisture simulation to properly reproduce the moist
convection processes of EREs over the AP.

In general, the upper-level cyclonic circulation is often
associated with higher potential vorticity, whereas the
lower potential vorticity is associated with anticyclonic cir-
culation (Hoskins, 1997; Hoskins et al., 2007). The meridi-
onal gradient of the synoptic-scale upper-level potential
vorticity can induce a stronger flow that can generate a

FIGURE 4 Mean winter (DJFM)

upper-level (200 hPa) zonal wind

(m/s) zonal wind for (a) MERRA2

during 2001––2016. The position of

the subtropical jet stream over the

AP during extreme and non-extreme

days from (b) MERRA2, (c) KF,

(d) BMJ, and (e) GF. AP, Arabian

Peninsula; BMJ, Betts–Miller–Janji�c;
GF, Grell–Freitas; KF, Kain–Fritsch;
MERRA-2, Modern-Era Retrospective

Analysis for Research and

Applications Version 2.
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cyclonic circulation at lower levels of the atmosphere. The
composite of upper-tropospheric (300 hPa) potential vor-
ticity during the EREs from MERRA-2 and the various
model simulations are presented in Figure 6. The WRF
with KF (Figure 6b) and BMJ (Figure 6c) schemes success-
fully reproduced higher potential vorticity over the AP, as
indicated in MERRA-2 (Figure 6a). This equatorward

intrusion of higher PV air (>1 potential vorticity units
[PVU] or 1 � 10�6 km2/kg/s) from the northern latitudes
towards the AP promotes the development of moist con-
vection. WRF with GF (Figure 6d) completely fails to sim-
ulate the equatorward intrusion of potential vorticity. De
Vries et al. (2016) and Kumar et al. (2016) pointed out that
high PV intrusions are tied to Rossby wave-breaking

(a) (c)

(d)(b)

FIGURE 5 Composite of

vertically integrated (1000–400 hPa)

horizontal water vapour fluxes

(kg/m/s) during CAP extreme

rainfall days from (a) MERRA2,

(b) KF, (c) BMJ, and (d) GF.

Magnitude (colours) and direction

(vectors). BMJ, Betts–Miller–Janji�c;
CAP, Central Arabian Peninsula;

GF, Grell–Freitas; KF, Kain–Fritsch;
MERRA-2, Modern-Era

Retrospective Analysis for Research

and Applications Version 2.

FIGURE 6 Composite mean

Ertel potential vorticity (PVU) at

300 hPa for the CAP winter extreme

rainfall events (EREs) from

(a) MERRA2, (b) KF, (c) BMJ, and

(d) GF. BMJ, Betts–Miller–Janji�c;
CAP, Central Arabian Peninsula;

GF, Grell–Freitas; KF, Kain–Fritsch;
MERRA-2, Modern-Era

Retrospective Analysis for Research

and Applications Version 2.
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activities. Therefore, the southward intrusion of high PV
further induces convection via an extensive reduction in
the atmospheric static stability (Juckes & Smith, 2000),
favouring the occurrence of EREs. Hence, the present
results demonstrate that the KF and BMJ are more appro-
priate than the GF for capturing the mid-latitude forcing
of EREs over the CAP.

4 | VERTICAL ATMOSPHERIC
STRUCTURES AND CLOUD
MICROPHYSICAL PROPERTIES

Evaluating changes in the atmospheric vertical profiles in
response to EREs is important to identify any deficiency
in the model physics and to understand the underlying
dynamics in the atmospheric column. Accordingly, the
vertical profiles of the composite mean temperature,
water vapour, zonal wind, and vertical wind over the
CAP during EREs from the model simulations with dif-
ferent CPSs and MERRA-2 are presented in Figure 7. All
three CPSs agree with MERRA-2 in that the vertical tem-
perature distribution decreases with height during an
ERE (Figure 7a). Compared with MERRA-2, WRF with
the KF and BMJ schemes slightly underestimated the

lower atmospheric temperatures, whereas the GF scheme
strongly underestimated the low-level temperatures and
overestimated the mid-to-upper troposphere tempera-
tures. Overall, WRF with the KF scheme matches the
MERRA-2 slightly more closely than the BMJ scheme
and is far better than the GF scheme in terms of tempera-
ture distribution.

Similarly, the composite means of the specific humid-
ity vertical profile over the CAP from the model simula-
tions broadly agree with MERRA-2, revealing a high
water vapour content at the surface and a gradual
decrease with height (Figure 7b). Although WRF with
the KF and BMJ schemes each exhibit higher water
vapour loadings than MERRA-2 in the lower tropo-
sphere, the accuracy of the simulated water vapour verti-
cal structure gradually improves with height. By contrast,
WRF with the GF scheme exhibits a dry bias within the
whole troposphere over the CAP, further indicating the
underestimation of EREs. Moreover, the vertical dis-
tribution of zonal winds during EREs in MERRA-2
exhibits weak westerlies at the surface. By contrast,
strong westerlies are noticeable in the mid-to-upper tro-
posphere over the CAP (Figure 7c), with a maximum
zonal wind speed of 45 m/s at 200 hPa associated with
the subtropical westerly jet. Although the KF scheme

(a)

(c) (d)

(b)FIGURE 7 Area averaged

vertical profiles of (a) temperature

(K), (b) specific humidity (g/kg),

(c) zonal wind (m/s) and (d) vertical

velocity (�1*Pa/min) over the CAP

region during extreme rainfall events

(EREs) from MERRA2 and model

simulations for 2001 to 2016. CAP,

Central Arabian Peninsula;

MERRA-2, Modern-Era Retrospective

Analysis for Research and

Applications Version 2.
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agrees well with the MERRA-2 data, the BMJ scheme
reproduces more intense 200 hPa zonal wind speeds, and
the GF scheme underestimates the zonal wind through-
out the troposphere.

In addition, MERRA-2 hints at a strong upward verti-
cal motion in the mid-troposphere during EREs, repro-
duced well by the WRF with BMJ scheme and is more
noticeable in the KF scheme. By contrast, the GF scheme
displays relatively weak upward motions from the surface
to the troposphere, yielding weak upward water vapour
profiles and hydrometeors that eventually lead to less
rainfall. This vertical structure suggests that the GF
scheme has difficulty reproducing a deep convective envi-
ronment. Overall, the KF and BMJ schemes successfully
simulate deeper convection with a wetter middle-to-
upper atmospheric environment, resulting in better rain-
fall patterns during EREs. Overall, this analysis indicates
that EREs are strongly associated with the deep convec-
tive activity over the CAP.

The vertical structures of cloud hydrometeors are gen-
erally not well represented in climate models (Attada
et al., 2020; Nguyen et al., 2009; Rajeevan et al., 2013;
Waliser et al., 2009). These structures are examined
herein, with a particular focus on the cloud micro-
physical properties over the CAP. Figure 8 depicts the

vertical profiles of cloud and rainwater, graupel, ice,
and snow over the CAP during EREs based on the three
CPS-based WRF simulations. An increase in cloud water
is observed from the surface to about 700 hPa, followed
by a decrease with height. The main cloud deck (indi-
cated by the maximum cloud water mixing ratio) is
located at 700 hPa in the KF and BMJ (Figure 8a)
schemes. However, while KF and BMJ exhibit slightly
high values of rainwater compared with MERRA-2, GF
fails to produce any rainwater. Moreover, BMJ produces
more cloud water and slightly less rainwater than the
KF. The cloud ice formation is stronger in the upper and
middle atmospheric levels over the CAP during EREs
in the KF than the BMJ, which may release more
latent heat in the former and results in strong vertical
motions. By contrast, hardly any cloud ice particles
and snow appear over the CAP during EREs with the
GF. Therefore, relatively less rainfall is expected when
using the GF, which can be attributed to local atmo-
spheric drying (loss of hydrometeors). The characteris-
tics of the vertical profiles obtained from each scheme
suggest that the CPS remains a large source of uncer-
tainty in numerical weather prediction models, which
might be attributed to the simulation of winter precipi-
tation extremes on a cloud-resolving scale.

(a) (c)

(b) (d)

FIGURE 8 Vertical profiles of

cloud hydrometeors: (a) cloud water

mixing ratio (g/kg), (b) rainwater

mixing ratio (g/kg), (c) ice mixing

ratio (g/kg), and (d) snow mixing

ratio (g/kg).
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5 | SUMMARY AND
CONCLUSIONS

This study presented a comprehensive diagnostic evalua-
tion of the WRF model for simulating winter EREs over
the AP during the period from 2001 to 2016 using three
CPSs: (i) KF, (ii) BMJ, and (iii) GF. Understanding the
features of EREs is crucial for improving weather fore-
casting and beneficial for establishing early warning sys-
tems to mitigate the effects of flash floods. The primary
goal was to investigate the synoptic dynamics associated
with EREs over the AP based on a composite analysis of
EREs during winter. The results of the analysis led to the
following conclusions:

1. The maximum rainfall is confined to the central and
eastern AP, and the observed spatial extent of EREs is
reasonably well simulated by KF, which exhibited the
highest spatial correlation (0.94) compared with BMJ
(0.91) and GF (0.76).

2. The southward PV intrusions by Rossby wave-breaking
can induce low-level cyclonic circulation during EREs.
The KF and BMJ schemes simulate this well.

3. The strong low-level cyclonic structure developed dur-
ing the EREs is captured by the KF and BMJ schemes
well, albeit slightly overestimated.

4. The observations indicate a southward shift in the
upper-tropospheric subtropical westerly jet during
EREs, which could induce a baroclinic instability that
favours the EREs and is well captured by the KF and
BMJ schemes. The better performance of the WRF
model with the KF scheme in simulating EREs over
the AP during winter can be attributed to more proper
representation of cloud microphysics, including the
entrainment and detrainment processes between the
clouds and environment.

Some studies have suggested that convective resolving
models are expected to improve the accuracy of rainfall
predictions compared with convection parameterized
simulations (Lind et al., 2016). This will be investigated
in our next work.

AUTHOR CONTRIBUTIONS
Raju Attada: Conceptualization (lead); data curation
(equal); formal analysis (equal); investigation (equal);
methodology (equal); visualization (equal); writing –
original draft (equal); writing – review and editing
(equal). Hari Prasad Dasari: Conceptualization
(equal); investigation (equal); supervision (equal);
visualization (equal); writing – review and editing
(equal). Rabih Ghostine: Writing – review and edit-
ing (supporting). Niranjan Kumar Kondapalli:

Formal analysis (equal); investigation (equal); method-
ology (equal). Ravi Kumar Kunchala: Conceptuali-
zation (equal); writing – review and editing (equal).
Thang M. Luong: Writing – review and editing
(equal). Ibrahim Hoteit: Conceptualization (equal);
funding acquisition (equal); investigation (equal); method-
ology (equal); project administration (equal); resources
(equal); visualization (equal); writing – review and editing
(equal).

ORCID
Raju Attada https://orcid.org/0000-0002-6194-4561
Ibrahim Hoteit https://orcid.org/0000-0002-3751-4393

REFERENCES
Aggarwal, D., Attada, R., Shukla, K.K., Chakraborty, R. &

Kumar, R.K. (2022) Monsoon precipitation characteristics and
extreme precipitation events over Northwest India using Indian
high resolution regional reanalysis. Atmospheric Research, 267,
105993. https://doi.org/10.1016/j.atmosres.2021.105993

Almazroui, M. (2011) Calibration of TRMM rainfall climatology
over Saudi Arabia during 1998–2009. Atmospheric Research, 99,
400–414.

Almazroui, M. (2016) RegCM4 in climate simulation over
CORDEX-MENA/Arab domain: selection of suitable domain,
convection and land surface schemes. International Journal of
Climatology, 36, 236–351.

Almazroui, M., Adnan Abid, M., Athar, H., Nazrul Islam, M. &
Azhar Ehsan, M. (2013) Interannual variability of rainfall over
the Arabian Peninsula using the IPCC AR4 global climate
models. International Journal of Climatology, 33(10), 2328–2340.

Al-Khalaf, A.K. & Basset, H.A. (2013) Diagnostic study of a severe
thunderstorm over Jeddah. Atmospheric and Climate Sciences,
3, 150–164.

Arakawa, A., Jung, J.H. & Wu, C.M. (2011) Toward unification of
the multiscale modeling of the atmosphere. Atmospheric Chem-
istry and Physics, 11, 3731–3742. https://doi.org/10.5194/acp-
11-3731-2011

Athar, H. (2014) Trends in observed extreme climate indices in
Saudi Arabia during 1979–2008. International Journal of Clima-
tology, 34, 1561–1574.

Atif, R.M., Almazroui, M., Saeed, S., Abid, M.A., Islam, M.N. &
Ismail, M. (2020) Extreme precipitation events over
Saudi Arabia during the wet season and their associated tele-
connections. Atmospheric Research, 231, 104655.

Attada, R., Dasari, H.P., Chowdary, J.S., Ramesh Kumar, Y.,
Knio, O. & Hoteit, I. (2019) Surface air temperature variability
over the Arabian peninsula and its links to circulation patterns.
International Journal of Climatology, 39(1), 445–464.

Attada, R., Dasari, H.P., Kumar, R.K., Langodan, S., Kumar, N.K.,
Knio, O. et al. (2020) Evaluating cumulus parameterization
schemes for the simulation of Arabian peninsula winter rain-
fall. Journal of Hydrometeorology, 21(5), 1089–1114.

Attada, R., Dasari, H.P., Parekh, A., Chowdary, J.S., Langodan, S.,
Knio, O. et al. (2019) The role of the Indian summer monsoon
variability on Arabian Peninsula summer climate. Climate
Dynamics, 52, 3389–3404.

ATTADA ET AL. 11 of 14Meteorological Applications
Science and Technology for Weather and Climate

https://orcid.org/0000-0002-6194-4561
https://orcid.org/0000-0002-6194-4561
https://orcid.org/0000-0002-3751-4393
https://orcid.org/0000-0002-3751-4393
https://doi.org/10.1016/j.atmosres.2021.105993
https://doi.org/10.5194/acp-11-3731-2011
https://doi.org/10.5194/acp-11-3731-2011


Attada, R., Ravi Kumar, K., Ramesh Kumar, Y., Dasari, H.P.,
Knio, O. & Hoteit, I. (2018) Prominent modes of summer sur-
face air temperature variability and associated circulation
anomalies over the Arabian Peninsula. Atmospheric Science Let-
ters, 19, e860. https://doi.org/10.1002/asl.860

Barlow, M., Zaitchik, B., Paz, S., Black, E., Evans, J. & Hoell, A.
(2015) A review of drought in the Middle East and Southwest
Asia. Journal of Climate, 29, 8547–8574.

Beaumont, P., Blake, G. & Malcolm, W. (1976) The middle east: a
geographical study. New York: John Wiley.

Betts, A.K. & Miller, M.J. (1986) A new convective adjustment
scheme. Part II: single column tests using GATE wave,
BOMEX, and arctic air-mass data sets. Quarterly Journal of the
Royal Meteorological Society, 112(473), 693–709.

Boyaj, A., Dasari, H.P., Hoteit, I. & Ashok, K. (2020) Increasing
heavy rainfall events in South India due to changing land use
land cover. Quarterly Journal of the Royal Meteorological Soci-
ety, 146(732), 3064–3085. https://doi.org/10.1002/qj.3826

Carrillo, C.M., Castro, C.L., Chang, H.I. & Luong, T.M. (2017)
Multi-year climate variability in the southwestern United States
within a context of a dynamically downscaled twentieth cen-
tury reanalysis. Climate Dynamics, 49, 4217–4236.

Chakraborty, A., Behera, S.K., Mujumdar, M., Ohba, R., &
Yamagata, T. (2006) Diagnosis of tropospheric moisture over
SaudiArabia and influences of IOD and ENSO. Monthly Weather
Review, 134, 598–617. https://doi.org/10.1175/MWR3085.1

Chen, X., Pauluis, O.M. & Zhang, F. (2018) Regional simulation of
Indian summer monsoon intraseasonal oscillations at gray-
zone resolution. Atmospheric Chemistry and Physics, 18(2),
1003–1022. https://doi.org/10.5194/acp-18-1003-2018

Dasari, H.P., Attada, R., Knio, O. & Hoteit, I. (2017) Analysis of a
severe weather event over Mecca, Kingdom of Saudi Arabia,
using observations and high-resolution modelling. Meteorologi-
cal Applications, 24, 612–627.

Dasari, H.P., Desamsetti, S., Langodan, S., Attada, R.,
Karumuri, A. & Hoteit, I. (2021) Long-term changes in the
Arabian Peninsula rainfall and their relationship with the
ENSO signals in the tropical Indo-Pacific. Climate Dynamics,
59, 1715–1731. https://doi.org/10.1007/s00382-021-06062-7

Dasari, H.P., Langodan, S., Viswanadhapalli, Y., Vadlamudi, B.R.,
Papadopoulos, V.P. & Hoteit, I. (2018) ENSO influence on the
interannual variability of the Red Sea convergence zone and
associated rainfall. International Journal of Climatology, 38,
761–775.

De Vries, A.J., Feldstein, S.B., Riemer, M., Tyrlis, E., Sprenger, M.,
Baumgart, M. et al. (2016) Dynamics of tropical–extratropical
interactions and extreme precipitation events in Saudi Arabia
in autumn, winter and spring. Quarterly Journal of the Royal
Meteorological Society, 142, 1862–1880.

Deng, L.P., McCabe, M.F., Stenchikov, G., Evans, J.P. & Kucera, P.
A. (2015) Simulation of flash-flood-producing storm events in
Saudi Arabia using the weather research and forecasting model.
Journal of Hydrometeorology, 16, 615–630.

EM-DAT. (2012) The OFDA/CRED international disaster database.
Brussels: Université Catholique de Louvain. www.emdat.net

Field, C.B. (2012) Managing the risks of extreme events and disasters
to advance climate change adaptation, special report of the inter-
governmental panel on climate change. Cambridge: Cambridge
University Press.

Gadgil, S. & Sajani, S. (1998) Monsoon precipitation in the AMIP
runs. Climate Dynamics, 14, 659–689.

Gao, X., Schlosser, C.A., Xie, P., Monier, E. & Entekhabi, D. (2014)
An analogue approach to identify heavy precipitation events:
evaluation and application to CMIP5 climate models in the
United States. Journal of Climate, 27, 5941–5963.

Gelaro, R., McCarty, W., Su�arez, M.J., Todling, R., Molod, A.,
Takacs, L. et al. (2017) The modern-era retrospective analysis
for research and applications, version 2 (MERRA-2). Journal of
Climate, 30, 5419–5454.

Goswami, B.N., Venugopal, V., Sengupta, D., Madhusoodanan, M.
S. & Xavier, P.K. (2006) Increasing trend of extreme rain events
over India in a warming environment. Science, 314, 1442–1444.

Grell, G.A. & Dévényi, D. (2002) A generalized approach to parame-
terizing convection combining ensemble and data assimilation
techniques. Geophysical Research Letters, 29(14), 1693–38-4.
https://doi.org/10.1029/2002GL015311

Grell, G.A. & Freitas, S.R. (2014) A scale and aerosol aware stochas-
tic convective parameterization for weather and air quality
modeling. Atmospheric Chemistry and Physics, 14(10), 5233–
5250. https://doi.org/10.5194/acp-14-5233-2014

Haggag, M. & El-Badry, H. (2013) Mesoscale numerical study of
quasi-stationary convective system over Jeddah in November
2009. Atmospheric and Climate Sciences, 3, 73–86.

Hoskins, B. (1997) A potential vorticity view of synoptic develop-
ment. Meteorological Applications, 4(4), 325–334.

Hoskins, B.J., McIntyre, M.E. & Robertson, A.W. (2007) On the use
and significance of isentropic potential vorticity maps. Quar-
terly Journal of the Royal Meteorological Society, 111(470),
877–946.

Hoteit, I., Abualnaja, Y., Afzal, S., Ait-El-Fquih, B., Akylas, T.,
Antony, C. et al. (2021) Towards an end-to-end analysis and
prediction system for weather, climate, and marine applications
in the Red Sea. Bulletin of the American Meteorological Society,
102(1), E99–E122. https://doi.org/10.1175/BAMS-D-19-0005.1

Huffman, G.J., Adler, R.F., Bolvin, D.T. & Nelkin, E.J. (2010) The
TRMM multi-satellite precipitation analysis (TMPA). In:
Hossain, F. & Gebremichael, M. (Eds.) Satellite Rainfall Appli-
cations for Surface Hydrology. Berlin: Springer-Verlag, pp. 3–22.

Huffman, G.J., Bolvin, D.T., Nelkin, E.J., Wolff, D.B., Adler, R.F.,
Gu, G. et al. (2007) The TRMM multisatellite precipitation anal-
ysis (TMPA): quasi-global, multiyear, combined-sensor precipi-
tation estimates at fine scales. Journal of Hydrometeorology, 8,
38–55.

Janji�c, Z.I. (1994) The step-mountain eta coordinate model: further
developments of the convection, viscous sublayer, and turbu-
lence closure schemes. Monthly Weather Review, 122, 927–945.

Jing, X., Xue, L., Yin, Y., Yang, J., Steinhoff, D.F., Monaghan, A.
et al. (2020) Convection-permitting regional climate simula-
tions in the Arabian Gulf region using WRF driven by bias-
corrected GCM data. Journal of Climate, 33(18), 7787–7815.
https://doi.org/10.1175/JCLI-D-20-0155.1

Juckes, M. & Smith, R.K. (2000) Convective destabilization by
upper-level troughs. Quarterly Journal of the Royal Meteorologi-
cal Societ, 126(562), 111–123.

Kain, J.S. (2004) The Kain-Fritsch convective parameterization: an
update. Journal of Applied Meteorology, 43, 170–181.

Kain, J.S., & Fritsch, J.M. (1993) Convective parameterization for
mesoscale models: the Kain–Fritsch scheme. The Representation

12 of 14 ATTADA ET AL.Meteorological Applications
Science and Technology for Weather and Climate

https://doi.org/10.1002/asl.860
https://doi.org/10.1002/qj.3826
https://doi.org/10.1175/MWR3085.1
https://doi.org/10.5194/acp-18-1003-2018
https://doi.org/10.1007/s00382-021-06062-7
http://www.emdat.net
https://doi.org/10.1029/2002GL015311
https://doi.org/10.5194/acp-14-5233-2014
https://doi.org/10.1175/BAMS-D-19-0005.1
https://doi.org/10.1175/JCLI-D-20-0155.1


of Cumulus Convection in Numerical Models, AMS Meteoro-
logical Monographs, No. 46. Springer, pp. 165–170.

Kumar, K.N. & Ouarda, T.B.M.J. (2014) Precipitation variability
over UAE and global SST teleconnections. Journal of Geophysi-
cal Research: Atmospheres, 119(10), 313–322. https://doi.org/10.
1002/2014JD021724

Kumar, K.N., Entekhabi, D. & Molini, A. (2015) Hydrological
extremes in hyper arid regions: a diagnostic characterization of
intense precipitation over the central Arabian peninsula. Jour-
nal of Geophysical Research: Atmospheres, 120, 1637–1650.

Kumar, K.N., Molini, A., Ouarda, T.B.M.J. & Rajeevan, M.N. (2017)
North Atlantic controls on wintertime warm extremes and ari-
dification trends in the Middle East. Scientific Reports, 7, 12301.

Kumar, K.N., Ouarda, T.B.M.J., Sandeep, S. & Ajayamohan, R.S.
(2016) Wintertime precipitation variability over the Arabian
peninsula and its relationship with ENSO in the CAM4 simula-
tions. Climate Dynamics, 47, 1–12.

Lind, P., Lindstedt, D., Kjellström, E. & Jones, C. (2016) Spatial and
temporal characteristics of summer precipitation over Central
Europe in a suite of high-resolution climate models. Journal of
Climate, 29, 3501–3518.

Luong, T.M., Castro, C.L., Chang, H., Lahmers, T., Adams, D.K. &
Ochoa-Moya, C.A. (2017) The more extreme nature of North
American monsoon precipitation in the Southwestern United
States as revealed by a historical climatology of simulated
severe weather events. Journal of Applied Meteorology and Cli-
matology, 56(9), 2509–2529.

Luong, T.M., Dasari, H.P. & Hoteit, I. (2020) Extreme precipitation
events are becoming less frequent but more intense over Jed-
dah, Saudi Arabia. Are shifting weather regimes the cause?
Atmospheric Science Letters, 21, 981.

Min, S.-K., Zhang, X., Zwiers, F.W. & Hegerl, G.C. (2011) Human
contribution to more-intense precipitation extremes. Nature,
470(7334), 378–381.

Nguyen, M.T., Tran, T.T., Pielke, R.A., Castro, C.L. & Leoncini, G.
(2009) A modified Kain-Fritsch scheme and its application for
the simulation of an extreme precipitation event in Vietnam.
Monthly Weather Review, 137, 766–789.

Nischal., Attada, R. & Kieran, M.R.H. (2022) Evaluating winter pre-
cipitation over the Western Himalayas in a high-resolution
Indian regional reanalysis using multi-source climate datasets.
Journal of Applied Meteorology and Climatology. https://doi.
org/10.1175/JAMC-D-21-0172.1

Oldfield, S. (2004) Deserts: the living drylands. Cambridge, MA: MIT
Press.

Osman-Elasha, B. (2010) Mapping of climate change threats and
human development impacts in the Arab region. Research Papers
Series 03/2010; UNDP, Arab Human Development Report.
Available at: http://www.arab-hdr.org/publications/other/
ahdrps/paper02-en.pdf [Accessed 2 March 2015].

Ouarda, T.B.M.J., Charron, C., Kumar, N.K., Marpu, P.R.,
Ghedira, H., Molini, A. et al. (2014) Evolution of the rainfall
regime in The United Arab Emirates. Journal of Hydrology,
514, 258–270.

Ouda, K.M.O. (2013) Review of Saudi Arabia municipal water tariff.
World Environment, 3(2), 66–70. https://doi.org/10.5923/j.env.
20130302.05

Pauluis, O. & Garner, S. (2006) Sensitivity of radiative-convective
equilibrium simulations to horizontal resolution. Journal of the

Atmospheric Sciences, 63(7), 1910–1923. https://doi.org/10.
1175/JAS3705.1

Prein, A.F., Langhans, W., Fosser, G., Ferrone, A., Ban, N.,
Goergen, K. et al. (2015) A review on regional convection-
permitting climate modeling: demonstrations, prospects and
challenges. Reviews of Geophysics, 53, 323–361.

Ragab, R., & Prudhomme, C. (2000) Climate change and water
resources management in the southern Mediterranean and
Middle East countries. In: The Second World Water Forum,
March 2000, The Hague, pp. 17–22.

Rajeevan, M., Rohini, P., Kumar, K.N., Srinivasan, J. &
Unnikrishnan, C.K. (2013) A study of vertical cloud structure
of the Indian summer monsoon using CloudSat data. Climate
Dynamics, 40, 637–650.

Raju, A., Parekh, A., Chowdary, J.S. & Gnanaseelan, C. (2015)
Assessment of the Indian summer monsoon in the WRF
regional climate model. Climate Dynamics, 44, 3077–3100.

Raju, A., Parekh, A., Kumar, P. & Gnanaseelan, C. (2015) Evalu-
ation of the impact of AIRS profiles on prediction of Indian
summer monsoon using WRF variational data assimilation
system. Journal of Geophysical Research: Atmospheres, 120,
8112–8131.

Ratna, S.B., Ratnam, J.V., Behera, S.K., Rautenbach, C.J.d.W.,
Ndarana, T., Takahashi, K. et al. (2014) Performance assess-
ment of three convective parameterization schemes in WRF for
downscaling summer rainfall over South Africa. Climate
Dynamics, 42, 2931–2953.

Reshmi Mohan, P., Srinivas, C.V., Yesubabu, V., Baskaran, R. &
Venkatraman, B. (2018) Simulation of a heavy rainfall event
over Chennai in Southeast India using WRF: sensitivity to
microphysics parameterization. Atmospheric Research, 210, 83–
99. https://doi.org/10.1016/j.atmosres.2018.04.005

Rudari, R., Entekhabi, D. & Roth, G. (2005) Large-scale atmo-
spheric patterns associated with mesoscale features leading to
extreme precipitation events in North-Western Italy. Advances
in Water Resources, 28(6), 601–614.

Sandeep, S. & Ajayamohan, R.S. (2018) Modulation of winter pre-
cipitation dynamics over the Arabian gulf by ENSO. Journal of
Geophysical Research: Atmospheres, 123, 198–210.

Shahin, M. (2007) Water resources and hydrometeorology of the Arab
region, water science and technology library, Vol. 59. Dordrecht:
Springer.

Singh, K., Bonthu, S., Purvaja, R., Robin, R., Kannan, B. &
Ramesh, R. (2018) Prediction of heavy rainfall over Chennai
Metropolitan City, Tamil Nadu, India: impact of microphysical
parameterization schemes. Atmospheric Research, 202, 219–234.
https://doi.org/10.1016/j.atmosres.2017.11.028

Skamarock, W.C., Klemp, J. B., Dudhia, J., Gill, D. O.,
Barker, D., Duda, M. G., et al. (2008) A description of the
advanced research WRF version 3. NCAR tech. Note
NCAR/TN-475+STR, p. 113. Available at: www.mmm.ucar.
edu/wrf/users/docs/arw_v3_bw.pdf.

Srinivas, C.V., Dasari, H.P., Rao, D.V.B., Anjaneyulu, Y.,
Baskaran, R. & Venkatraman, B. (2013) Simulation of the
Indian summer monsoon regional climate using advanced
research WRF model. International Journal of Climatology, 33,
1195–1210.

Taraphdar, S. & Pauluis, O.M. (2021) Impact of planetary boundary
layer and cloud microphysics on the sensitivity of monsoon

ATTADA ET AL. 13 of 14Meteorological Applications
Science and Technology for Weather and Climate

https://doi.org/10.1002/2014JD021724
https://doi.org/10.1002/2014JD021724
https://doi.org/10.1175/JAMC-D-21-0172.1
https://doi.org/10.1175/JAMC-D-21-0172.1
http://www.arab-hdr.org/publications/other/ahdrps/paper02-en.pdf
http://www.arab-hdr.org/publications/other/ahdrps/paper02-en.pdf
https://doi.org/10.5923/j.env.20130302.05
https://doi.org/10.5923/j.env.20130302.05
https://doi.org/10.1175/JAS3705.1
https://doi.org/10.1175/JAS3705.1
https://doi.org/10.1016/j.atmosres.2018.04.005
https://doi.org/10.1016/j.atmosres.2017.11.028
http://www.mmm.ucar.edu/wrf/users/docs/arw_v3_bw.pdf
http://www.mmm.ucar.edu/wrf/users/docs/arw_v3_bw.pdf


precipitation using a gray-zone regional model. Earth Space Sci-
ence, 8, e2020EA001535.

Taraphdar, S., Pauluis, O.M., Xue, L., Liu, C., Rasmussen, R.,
Ajayamohan, R.S. et al. (2021) WRF gray zone simulations of
precipitation over the middle-east and the UAE: impacts of
physical parameterizations and resolution. Journal of Geophysi-
cal Research: Atmospheres, 126, e2021JD034648.

Viswanadhapalli, Y., Dasari, H.P., Langodan, S., Challa, V.S. &
Hoteit, I. (2016) Climatic features of the Red Sea from a
regional assimilative model. International Journal of Climatol-
ogy, 37, 2563–2581.

Waliser, D.E., Li, J.L.F., Woods, C.P., Austin, R.T., Bacmeister, J.,
Chern, J. et al. (2009) Cloud ice: a climate model challenge with
signs and expectations of progress. Journal of Geophysical
Research, 114, D00A21. https://doi.org/10.1029/2008JD010015

Warner, T.T. (2004) Desert meteorology. New York: Cambridge Uni-
versity Press.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Attada, R., Dasari, H. P.,
Ghostine, R., Kondapalli, N. K., Kunchala, R. K.,
Luong, T. M., & Hoteit, I. (2022). Diagnostic
evaluation of extreme winter rainfall events over
the Arabian Peninsula using high-resolution
weather research and forecasting simulations.
Meteorological Applications, 29(5), e2095. https://
doi.org/10.1002/met.2095

14 of 14 ATTADA ET AL.Meteorological Applications
Science and Technology for Weather and Climate

https://doi.org/10.1029/2008JD010015
https://doi.org/10.1002/met.2095
https://doi.org/10.1002/met.2095

	Diagnostic evaluation of extreme winter rainfall events over the Arabian Peninsula using high-resolution weather research a...
	1  INTRODUCTION
	2  MODEL, DATA, AND METHODS
	2.1  Model configuration
	2.2  Data and methods
	2.3  Identification of EREs

	3  RESULTS AND DISCUSSION
	3.1  Evaluation of EREs
	3.2  Synoptic characteristics of EREs

	4  VERTICAL ATMOSPHERIC STRUCTURES AND CLOUD MICROPHYSICAL PROPERTIES
	5  SUMMARY AND CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	REFERENCES


