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DEEPAK GOPALAKRISHNAN ,a,b SOURAV TARAPHDAR,a,c OLIVIER M. PAULUIS,a,d LULIN XUE,e,f

R. S. AJAYAMOHAN,a NOOR AL SHAMSI,g SISI CHEN,f JARED A. LEE,f WOJCIECH W. GRABOWSKI,f CHANGHAI LIU,f

SARAH A. TESSENDORF,f AND ROY M. RASMUSSENf

a Arabian Center for Climate and Environmental Sciences, New York University Abu Dhabi, AbuDhabi, United Arab Emirates
b Central Michigan University, Mount Pleasant, Michigan

c Pacific Northwest National Laboratory, Richland, Washington
d Courant Institute of Mathematical Sciences, New York University, New York, New York

e Hua Xin Chuang Zhi Science and Technology LLC, Beijing, China
f Research Applications Laboratory, National Center for Atmospheric Research, Boulder, Colorado

g National Center of Meteorology, Abu Dhabi, United Arab Emirates

(Manuscript received 25 March 2022, in final form 24 January 2023)

ABSTRACT: This study investigates the structure and evolution of a summertime convective event that occurred on
14 July 2015 over the Arabian region. We use the WRF Model with 1-km horizontal grid spacing and test three PBL
parameterizations: the Mellor–Yamada–Nakanishi–Niino (MYNN) scheme; the Asymmetrical Convective Model, version 2,
(ACM2) scheme; and the quasi-normal scale-elimination (QNSE) scheme. Convection initiates near the Al Hajar Moun-
tains of northern Oman at around 1100 local time (LT; 0700 UTC) and propagates northwestward. A nonorographic con-
vective band along the west coast of the United Arab Emirates (UAE) develops after 1500 LT as a result of the
convergence of cold pools with the sea breeze from the Arabian Gulf. The model simulation employing the QNSE scheme
simulates the convection initiation and propagation well. Although the MYNN and ACM2 simulations show convective ini-
tiation near the Al Hajar Mountains, they fail to simulate the development of the convective band along the UAE west
coast. The MYNN run simulates colder near-surface temperatures and a weaker sea breeze, whereas the ACM2 run simu-
lates a stronger sea breeze but a drier lower troposphere. Sensitivity simulations using horizontal grid spacings of 9 and
3 km show that lower-resolution runs develop broader convective structures and weaker cold pools and horizontal wind
divergence, affecting the development of convection along the west coast of the UAE. The 1-km run using the QNSE PBL
scheme realistically captures the sequence of events that leads to the moist convection over the UAE and adjacent
mountains.

KEYWORDS: Deep convection; Orographic effects; Precipitation; Sea breezes; Isentropic analysis; Cloud-resolving models

1. Introduction

The Arabian Peninsula, including the United Arab Emi-
rates (UAE), is characterized by a hyperarid climate. The ob-
served rainfall shows a spatially distinct pattern, with the
eastern part of the UAE receiving an average rainfall of
approximately 130 mm and the southern desert of the UAE
typically recording approximately 20 mm yr21 (Ouarda et al.
2014; Schwitalla et al. 2020; Francis et al. 2021). These esti-
mates may vary because global precipitation products exhibit
considerable variability in the rainfall estimates over the UAE
region (Wehbe et al. 2017). Although the annual rainfall is rela-
tively low, the observed pattern shows clear seasonal asymmetry.
Almost 80% of the annual rainfall of the UAE is received during

the winter season, whereas summertime convective events con-
tribute approximately 20% (Wehbe et al. 2017; Steinhoff et al.
2018; Schwitalla et al. 2020). The wintertime rainfall events
are generally associated with the intrusion of midlatitude weather
systems, including extratropical cyclones from the Mediterranean
region (Wehbe et al. 2019; Wehbe and Temimi 2021; Taraphdar
et al. 2021). However, summertime convective events in the
UAE generally develop through a three-way convergence of
the sea breezes from the Gulf of Oman (refer to Figs. 1a and 2b
for local geography) and the Arabian Gulf with the Arabian
heat low flow (Steinhoff et al. 2018; Wehbe et al. 2021). The sur-
face heat low over the Arabian Peninsula is a persistent feature
during the boreal summer (Ackerman and Cox 1982; Smith
1986), showing considerable diurnal variability with an intensifi-
cation in the afternoon hours (Fonseca et al. 2022). The location
and strength of the heat low can significantly alter the pattern
of convergence in the lower troposphere and the moisture
inflow, and thereby modulate the occurrence of convective
activity over the region.

Orographically forced convective events are very common
during summer near the Al Hajar Mountains. Branch et al.
(2020) analyzed the summertime convective initiation (CI)
over the Al Hajar Mountains using Meteosat-7 data during
the period 2010–16 and observed that approximately 55 con-
vective events occur in a typical summer. The CI generally
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begins over higher terrain during the day and then propagates
northward and westward. The secondary development of con-
vective cells west of the mountains is generally associated
with the convergence of cold pools from the primary convec-
tive cells with the Arabian Gulf sea breeze and the Arabian
heat low flow. The nonorographic rainfall events along the
western coast of the UAE are primarily attributed to the con-
vergence of the southerly branch of the Arabian heat low
flow with the sea breeze from the Arabian Gulf (Steinhoff
et al. 2018). Steinhoff et al. (2018) noted the formation of a
secondary circulation over the eastern parts of the UAE in
the morning hours due to a three-way convergence of the sea
breeze from the Gulf of Oman, Arabian Gulf, and the inflow
associated with the Arabian heat low. Development of this

secondary circulation is crucial as it provides favorable condi-
tions for the development of deep convection by preventing
the intrusion of dry air from land. Other factors that promote
CI over the arid, mountainous regions include a strong sur-
face temperature gradient and the presence of an upper or
midlevel trough (Knippertz et al. 2009; Francis et al. 2019).

Being a hyperarid region, the UAE and adjoining areas
face severe water scarcity (Murad et al. 2007; Odhiambo
2017). In addition, water demand is increasing due to the
growing population and ongoing industrial and agricultural
activities (Branch et al. 2020). Hence, rainfall is crucial in
maintaining groundwater and recharging underground aqui-
fers (Bruintjes and Yates 2003; Murad et al. 2007; Wehbe et al.
2018). To resolve this crisis, there have been several weather

FIG. 1. (a) The 975-hPa water vapor mixing ratio (shaded; g kg21) and wind field (vectors; m s21) from ERA5 valid at 0600 UTC
14 Jul 2015. The blue “x” indicates the location of Abu Dhabi airport. The location of the heat low is marked with a blue circled “L.”
(b) The skew T–logp plot of the radiosonde observation from the Abu Dhabi airport at 1200 UTC 14 Jul 2015. The red line denotes the
air temperature profile, and the green line indicates the dewpoint temperature profile. The red shading and the blue shading (thin sliver
above the black line near the black dot) represent surface-based CAPE and CIN, respectively.

FIG. 2. (a) TheWRFModel domains, and (b) terrain height (m) for the innermost domain.
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modification attempts in the UAE, primarily focusing on in-
creasing rainfall through cloud seeding (Al Hosari et al.
2021). The UAE Research Program for Rain Enhancement
Science (UAEREP) is a dedicated program for improving sci-
entific knowledge of rain-enhancing procedures. The results
from seeding experiments indicate an average increase of
23% in annual surface rainfall over the target areas in the
UAE (Al Hosari et al. 2021). One of the major challenges in
successful cloud seeding is identifying the development of
convective clouds in advance. Thus, accurate numerical simu-
lation of summertime convection is of utmost importance.

Schwitalla et al. (2020) analyzed the simulation of a sum-
mertime convective event that occurred on 14 July 2015 using
the WRF Model, examining the impact of various PBL and
microphysics parameterization schemes while using a convec-
tion-permitting horizontal grid spacing (2.7 km). The above
study used the Mellor–Yamada–Nakanishi–Niño (MYNN)
scheme and the Yonsei University (YSU) scheme for the PBL
parameterization and the Thompson–Eidhammer aerosol-aware
scheme, the Thompson 2-moment scheme, and the WRF double-
moment 6-class (WDM6) scheme for the microphysics para-
meterization. The results showed that the combination of the
MYNN PBL scheme and the Thompson–Eidhammer micro-
physics scheme yielded the best result. Although the simu-
lation using this configuration produced more CAPE, it
suffered from insufficient cloud liquid water and therefore
failed to reproduce the observed rainfall pattern accurately.
In particular, the WDM6 scheme significantly underestimated
the liquid water within the clouds.

In a recent study, Francis et al. (2021) investigated the sim-
ulation of another summertime convective event that oc-
curred on 5 September 2017 with the WRF Model. Francis
et al. (2021) employed a model configuration using four
nested domains, with the innermost domain having a horizon-
tal grid spacing of 0.833 km. That study utilized four different
forcing datasets for the WRF simulations: the Global Forecast
System (GFS), Climate Forecast System Reanalysis (CFSR),
European Centre for Medium-Range Weather Forecasts
ERA-Interim, and ERA5. Similar to Schwitalla et al. (2020),
Francis et al. (2021) also used the MYNN level-2.5 PBL
scheme and the Thompson–Eidhammer aerosol-aware micro-
physics scheme. The authors observed that the fourth domain
of subkilometer grid spacing did not provide significant added
value. A comparison with the observations from a microwave
radiometer installed over the mountains indicated that the
WRF simulations failed to capture the presence of the meso-
scale convective systems appropriately. Francis et al. (2021)
noted that among the four simulations, the one forced with
the GFS fields showed a marginally better skill in simulating
the convective event, while the simulation using the ERA-
Interim fields showed the least skill. The above study highlighted
that an accurate simulation of the observed cloud and precipita-
tion patterns is extremely challenging over the UAE region. The
authors attributed the unsuccessful simulation of the mesoscale
convective system to the misrepresentation of the soil moisture
fields over the UAE region.

The studies mentioned above (i.e., Schwitalla et al. 2020;
Francis et al. 2021) suggest that realistic simulation of cloud

and rainfall patterns associated with summertime convective
systems over the UAE region is extremely challenging. More-
over, studies that examine the skill of NWPmodels in simulat-
ing summertime precipitation events over the UAE and
adjacent mountainous regions are quite limited. Therefore, a
study demonstrating the realistic simulation of a summertime
precipitation event and the underlying mechanisms leading to
deep convection near the UAE and the adjacent Al Hajar
Mountains fills a gap in the literature. Additionally, a skillful
NWP model configuration can provide significant added value
to the ongoing cloud-enhancement experiments in the UAE
region.

In this study, we conduct a set of cloud-resolving scale
(with 1-km horizontal grid spacing) numerical simulations
using the WRF Model to simulate a summertime convective
event and the mechanisms that lead to deep convection. We
choose the event considered by Schwitalla et al. (2020) in
their study. We also aim to examine the sensitivity of the
WRF Model simulations to three different PBL schemes and
investigate how changes in horizontal grid spacing affect con-
vection and precipitation. Section 2 provides a brief descrip-
tion of the convective event considered in the study. Section 3
outlines the details of the model and experimental design. We
discuss the results from the model simulation in section 4.
Section 5 provides the summary and conclusions.

2. Case description

Summertime convective events over the eastern side of the
Al Hajar Mountains often develop due to the orographic lift-
ing of warm moist air from the Gulf of Oman and are most
common in July (Branch et al. 2020). In this study, we con-
sider a typical summertime convective rainfall that occurred
on 14 July 2015. Figure 1a indicates the presence of suffi-
ciently moist air with mixing ratio values as high as 22 g kg21

off the east coast of UAE at 0600 UTC (1000 LT). The sea
breeze advects moisture-rich air from the Gulf of Oman into
the Al Hajar Mountains, providing favorable conditions for CI
over the mountains. The radiosonde observation at 1200 UTC
14 July 2015 from the Abu Dhabi airport indicates a surface-
based CAPE of 1842 J kg21. The lifting condensation level
(LCL) is at 688 hPa, with the level of free convection and equi-
librium level at 661 and 155 hPa, respectively. The high LCL
suggests that the lower atmosphere is very dry. The temperature
profile shows an inversion with a magnitude of 4 K and the dew-
point profile implies strong and sharp drying at 500 hPa (Fig. 1b).
Although the Abu Dhabi airport is located away from the loca-
tion of rainfall, this sounding is representative of the thermody-
namic profile of the region.

3. Experimental and analysis methods

a. Model domain and configuration

We use the WRF Model, version 4.1.2 (Skamarock et al.
2019), to conduct the numerical experiments. We configured
the WRFModel with three nested domains and two-way nest-
ing with a horizontal grid spacing of 9, 3, and 1 km as shown
in Fig. 2. The outer 9-km domain covers the entire Middle
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East region together with most of the Red Sea and the
Arabian Sea to capture the large-scale features. The domain
with 3-km horizontal grid spacing covers the Gulf of Oman and
much of the Arabian Gulf to capture the moisture transport
toward the UAE region. The innermost domain with 1-km
horizontal grid spacing aims to accurately simulate the CI and
subsequent precipitation over the UAE region. This high-
resolution domain can also better resolve the sea breezes
from the Arabian Gulf and the Gulf of Oman. All three
domains have 45 terrain-following vertical levels up to the
20-hPa model top.

The cumulus parameterization is turned off for all domains,
meaning that convection is explicitly resolved in all simula-
tions. Although 9-km grid spacing (gray-zone resolution) can-
not fully resolve each convective cloud, studies show that the
gray-zone simulations can capture the general features of con-
vective clouds and their interaction with the large-scale envi-
ronment fairly well (Pauluis and Garner 2006; Chen et al.
2018; Jing et al. 2020; Taraphdar et al. 2021). The simulations
use the Thompson–Eidhammer aerosol-aware microphysics
scheme (Thompson and Eidhammer 2014). That scheme has
six classes of hydrometeors and employs a double-moment
representation for rain and cloud ice. More important, this
particular scheme can incorporate the effect of aerosols such
as cloud condensation and ice nuclei. Accordingly, this scheme
includes two prognostic variables to account for hygroscopic
(“water friendly”) aerosols and nonhygroscopic (“ice friend-
ly”) aerosols. Recent studies (Francis et al. 2021; Taraphdar
et al. 2021) have shown that the Thompson–Eidhammer
scheme provides a better simulation of rainfall over the Ara-
bian region. Furthermore, this scheme may be particularly use-
ful for cloud-seeding applications.

We use three different PBL schemes to represent boundary
layer processes: the quasi-normal scale-elimination (QNSE)
scheme, Mellor–Yamada–Nakanishi–Niño (MYNN) level-3
scheme, and Asymmetrical Convective Model, version 2,
(ACM2) scheme. QNSE (Sukoriansky et al. 2005) and MYNN
(Nakanishi and Niino 2006, 2009) are local closure schemes
that use the turbulent kinetic energy (TKE) as a prognostic
variable while the ACM2 (Pleim 2007a,b) scheme is a nonlo-
cal, first-order closure scheme that follows nonlocal vertical
mixing and local downward mixing. The model simulations
use the QNSE, MYNN, and Pleim–Xu surface layer schemes
for the QNSE, MYNN, and ACM2 PBL parameterization
schemes, respectively. We use the Noah land surface model
(LSM) with multiphysics (NOAH-MP) scheme with an ex-
plicit vegetation canopy to represent land surface processes
(Niu et al. 2011). Weston et al. (2019) examined the perfor-
mance of the Noah LSM and the updated Noah-MP LSM
over the UAE region and reported a better simulation of
near-surface temperature and relative humidity, leading to a
more realistic simulation of the sea breeze in the WRF Model
using NOAH-MP. The present configuration uses RRTMG
to parameterize longwave and shortwave radiative processes
(Iacono et al. 2008) and it employs the correlated-k approach
to compute the fluxes and heating rate. The physics schemes
used in the present study are summarized in Table 1.

Francis et al. (2021) noted that it is very important to accu-
rately initialize soil moisture for a better rainfall simulation.
This study uses an updated version of land use/land cover
(LULC) and soil texture data for the UAE region. The LULC
dataset was prepared after a dedicated field campaign per-
formed as part of the UAEREP. The UAE National Center
of Meteorology (NCM) developed the soil texture data based
on a comprehensive field survey (Aldababseh et al. 2018).
More details on the updates in the LULC and soil texture
dataset can be found in Temimi et al. (2020).

b. Simulation design

We conducted three numerical simulations corresponding
to the three PBL schemes with the above-described configura-
tions for 36 h, starting at 1200 UTC 13 July 2015. The initial
and lateral boundary conditions are derived from ERA5
fields, which are available at a horizontal grid spacing of 0.258
with 1-h temporal resolution (Hersbach et al. 2020). The
model integration time step is 30 s for the 9-km outer domain,
10 s for the 3-km domain, and 3.333 s for the 1-km innermost
domain. The first 12 h of each simulation are discarded as spinup.
Gridded output from all three model domains is stored at 15-min
intervals.

4. Results from the 1-km run

a. Rainfall pattern

Accurate simulations of precipitation are of primary interest
to cloud-seeding experiments. We, therefore, compare the
model-simulated rainfall with the radar-derived rainfall esti-
mate to examine the skill of the WRF Model in reproducing
the observed rainfall pattern. The radar rainfall estimate is
prepared by NCM combining observations from four weather
radars, which operate at the C band. More details on the prepa-
ration of the merged rainfall estimate are available in Wehbe
et al. (2020). The radar rainfall estimate (Fig. 3a) depicts three
loosely connected orographic rainfall bands over the moun-
tains and another band parallel to but inland of the west coast
of the UAE. The model runs show considerable overestima-
tion in the rainfall amounts relative to the radar estimate.
These differences could be partly due to the uncertainties in
the radar observations, as terrain blockage and merging un-
certainties can impact radar-derived precipitation estimates
over complex terrain (Wehbe et al. 2020). Moreover, the
model-simulated rainfall is the direct accumulation of rainfall

TABLE 1. Summary of the physics packages utilized in this study.

Model physics Scheme used

Microphysics Thompson–Eidhammer aerosol-
aware

PBL QNSE, MYNN, and ACM2
Cumulus None
Radiation (longwave and

shortwave)
RRTMG

Land surface Noah-MP
Surface layer QNSE, MYNN, and Pleim–Xiu
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at each time step, while the radar rainfall estimate is prepared
after several postprocessing steps.

The QNSE run simulates the observed rainfall pattern very
well, whereas the other two runs fail to reproduce the rainfall
bands appropriately. In particular, the development of the non-
orographic precipitation band is completely missing in both
MYNN and ACM2 runs. The model simulations, in general,
show pulse-type rainfall maxima at different spots along the
mountain range. The QNSE run shows a better-organized rain-
fall structure than the other two WRF simulations. The ACM2
run also produces the orographic rainfall bands to a reasonable
extent, whereas the MYNN run produces more scattered convec-
tion. Neither the MYNN nor ACM2 simulations show the non-
orographic rainfall maximum centered at 258N, 568E (Fig. 3a).
Therefore, it appears that the QNSE PBL scheme has a positive
impact on accurately reproducing the rainfall pattern over the
UAE region. A recent study by Taraphdar et al. (2021) also

reported that the QNSE PBL scheme provides more accurate
simulations of rainfall in winter over the UAE region than the
ACM2 or MYNN schemes. The near-surface air is warmer and
moister in the QNSE simulation, yielding enhanced moisture
flux convergence and more CAPE than in the ACM2 run. We
explore the meteorological conditions in all three simulations in
more detail in the forthcoming sections.

b. The observed and the simulated convection

Here we compare the observed radar reflectivity with the
model-simulated reflectivity only from the QNSE run (Fig. 4) to
understand how well the model reproduces the intensity of deep
convection. CI near the Al Hajar Mountains begins at around
0615 UTC in the model simulation, whereas the NCM radar indi-
cates CI at 0740 UTC, nearly 1.5 h later (not shown). At
0900 UTC, convection over the Al Hajar Mountains peaks with a
column-maximum observed reflectivity of ;52 dBZ at 24.48N,

FIG. 3. The 24-h accumulated rainfall, valid at 0000 UTC 15 Jul 2015 from the (a) radar-derived estimates and (b) QNSE, (c) MYNN, and
(d) ACM2 WRF simulations. The thin black contours indicate terrain height from 400 to 1200 m at 300-m intervals. The model-derived
rainfall in (b)–(d) is from the 1-km domain.
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56.18E (Fig. 4a). The QNSE run captures this band of convection
and the location of the peak reflectivity very well (Fig. 4d). At
1145 UTC, there is another major peak in the observed reflectiv-
ity near 258N, 568E (Fig. 4b). Although the model simulates this
convective maximum well (Fig. 4e), it produces convection over a
larger area that extends even farther west than observed. Another
band of convection inland from the west coast develops by
1315 UTC (Fig. 4c), although it is a little farther inland and later
than in the model simulation, where it is already dissipating at
this time (Fig. 4f). Recalling that the modeled convection leads
the observed convection by approximately 1.5 h, we conclude
that the QNSE simulation is able to reproduce the sequence of
events realistically, despite the timing and location differences.

An examination of vertical cross sections can illustrate oro-
graphically forced moist convection, the collision of the sea
breeze from the Gulf of Oman with the mean flow over the
land, and the convergence of cold pools with the sea breeze
from the Arabian Gulf. These diagnostics provide a better un-
derstanding of the underlying mechanisms that lead to deep
convection over the region. Figure 5 shows the longitude–
height cross section of WRF-simulated convection from the
QNSE run in terms of equivalent potential temperature ue
and vertical circulation (u 3 w). Figure 5a depicts the vertical
structure of the deep convection near the Al Hajar Mountains
at 24.48N (refer to the red line in Fig. 4d that indicates the
cross section) at 0730 and 0900 UTC. The time evolution
of the convection in the mountainous region reveals that this
convective cell initiates at approximately 0730 UTC as diurnal

thermally induced upslope westerly flow along the western moun-
tain slope converges with the sea breeze from the Gulf of Oman
(Fig. 5a). The sea breeze only extends to 1.5 km AGL. However,
the moist convection reaches up to an altitude of 5 kmMSL over
the mountain peak. Figure 5b shows the mature phase of the
same convective plume at 0900 UTC. There is a strong downdraft
originating from around 4 km MSL, which promotes additional
moist convection along the leading edge of the outflow. The deep
convection extends above 8 kmMSL, and the presence of high-ue
air extends up to a height of 7 kmMSL (ue; 362 K).

Figures 5c and 5d illustrate the vertical structure of the non-
orographic convective cells that develop parallel to the west
coast of the UAE at 1100 and 1145 UTC. The cross section is
perpendicular to the convective band, as indicated
in Fig. 4e. High-ue air advected from the Arabian Gulf at
1100 UTC converges with the cold pool from the earlier convec-
tive cells, with new convection initiating at 55.598E, extending
up to 6 kmMSL. Forty-five minutes later, Fig. 5d reveals a well-
developed storm structure, with downdraft from 5 km MSL.
Although the air from the Arabian Gulf exhibits significantly
lower ue values (;355 K) than the air from the Gulf of Oman
(;375 K), the lower to midtroposphere near the west coast of
the UAE is more well-mixed in terms of ue.

c. The sea-breeze structure in the QNSE simulation

We examine the distribution of near-surface air tempera-
ture and winds to analyze the land-sea thermal contrast and
the sea breezes because they modulate CI near the Al Hajar

FIG. 4. Column-maximum radar reflectivity from (a)–(c) the NCM radar and (d)–(f) the QNSE simulation at (left) 0900 UTC,
(center) 1145 UTC, and (right) 1315 UTC. The red lines indicate the cross sections in Fig. 5, below.
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Mountains. Figures 6a–c indicate that there is a strong land–
sea temperature contrast, and the maximum surface heating
occurs over the southwestern parts of the domain, near the
coast. The 2-m temperature is generally 58–108C lower on the
eastern side of the mountains. The surface temperature con-
trast between the mountains and the Gulf of Oman is still
sufficient to generate a sea breeze on the eastern side of the
Al Hajar Mountains. There is also surface convergence over
the higher terrain between the sea breeze and southerly winds
from the interior desert southwest of the mountains. Al-
though the sea breeze from the Arabian Gulf is much weaker
at 0800 UTC, it becomes stronger by 1000 and 1200 UTC.
The simulation indicates the presence of cold pools and asso-
ciated diverging winds over the mountains at 1000 UTC
(marked with a blue circle, Fig. 6b), resulting from convective
outflows. There are two additional cold pools just inland of
the west coast of the UAE at 1200 UTC. The diverging winds
from these cold pools are encountering the sea breeze from
the Arabian Gulf (marked with a magenta ellipse in Fig. 6c),

yielding convergence that may trigger further development of
moist convection, as discussed further below.

We analyze the moisture distribution at 975 hPa (Figs. 6d–f)
to investigate the moisture advection associated with the sea
breeze from the Gulf of Oman and the Arabian Gulf. The air
on the eastern side of the mountains is moist, with water vapor
mixing ratios generally ranging from 18 to 23 g kg21 over land.
The wind speed is also high (;10 m s21) on the eastern side of
the Al Hajar Mountains, leading to strong moisture advection
from the Gulf of Oman. The northwest coast of the UAE is
drier with strong dry-air advection from the desert farther south
(Figs. 6e–f). Nevertheless, the sea breeze from the Arabian
Gulf transports moderate moisture to the western UAE (up to
;17 g kg21 at 1000 UTC).

The time evolution of precipitable water (Figs. 6g–i) also
confirms the sequence of events described above. Precipitable
water increases along the east coast of the UAE at 0800 UTC
and especially to the east of a cold pool over the mountain
ridge (near 24.58N, 568E) at 1000 UTC (Fig. 6h). This local

FIG. 5. Longitude–height cross sections of equivalent potential temperature (shaded; K) overlaid with the in-plane
winds (vectors; m s21) along (top) 24.48N and (bottom) 24.88N at (a) 0730, (b) 0900, (c) 1100, and (d) 1145 UTC.
The cross sections are defined in Figs. 4d and 4e. The vertical motions are scaled by a factor of 5.
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maximum in precipitable water is likely the result of the verti-
cal advection of moisture due to the convergence of the prop-
agating cold pool and the sea breeze from the Gulf of Oman.
Moreover, deep convection transports a significant amount of
moisture upward, leading to the buildup of precipitable water.
Even more striking is the similar buildup of precipitable water
near the west coast of the UAE.

d. Cold pools and their convergence with the sea breeze

To visualize how cold pools initiate the development of second-
ary convection, primarily over the west coast of the UAE, we ex-
amine the near-surface wind divergence and 2-m air temperature
(Fig. 7). At 0930 and 1000 UTC, there are cold pools, which have
been discussed briefly in section 4c (refer to the discussion on
Fig. 6c). The cold pools encounter (i) the sea breeze from the
Gulf of Oman to their northeast and (ii) flow from the inland re-
gion to their southwest (Figs. 7a,b). The convergence at the

eastern and western boundaries of the outflow is stronger at
0930 UTC than at 1000 UTC. The lower row of Fig. 7 demon-
strates the convergence of a larger cold pool primarily with the
sea breeze from the Arabian Gulf. The snapshots at 1100
and 1130 UTC indicate very high values of wind divergence
(.0.005 s21) at several locations near the west coast. The 2-m air
temperature within the cold pools is about 88C less than the sur-
roundings. The leading edge of the diverging winds collides with
the sea breeze from the Arabian Gulf, forming a strong band of
convergence parallel to the west coast of the UAE. This band of
convergence strengthens further over the next 30 min, as seen in
Fig. 7d.

e. The sea breezes and cold pools in MYNN and ACM2
simulations

It has been noted in section 4a that the MYNN and ACM2
runs fail to reproduce the precipitation distribution realistically.

FIG. 6. WRF modeled (a)–(c) 2-m air temperature (shaded; 8C) and 10-m wind vectors, (d)–(f) 975-hPa water vapor mixing ratio
(shaded; g kg21) and wind vectors, and (g)–(i) precipitable water (shaded; kg m22) valid at (left) 0800, (center) 1000, and (right)
1200 UTC 14 Jul 2015 from the QNSE run. The cold pools are located inside the blue circle in (b) and the magenta ellipses in (c) and (f).
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The results from previous sections reveal that the sea breeze
from the Gulf of Oman and the Arabian Gulf and their conver-
gence with the cold pools are the major factors that modulate
precipitation over the region. Therefore, it is important to ex-
amine how well the MYNN and ACM2 runs capture the sea
breeze and moisture distribution.

Figure 8 clearly indicates a strong land–sea temperature
contrast. Both simulations capture the broader features such
as strong daytime heating and the sea breezes from both
Gulfs. However, the MYNN run (top row) produces relatively
cooler surface temperatures and weaker sea breezes than the
ACM2 run. For instance, the 2-m air temperature in the prox-
imity of the Al Hajar Mountains in the MYNN simulation is
28–38C lower than in the ACM2 run. This difference in tem-
perature also reduces the strength of the sea breeze in the
MYNN simulation. Furthermore, the 10-m winds over inte-
rior eastern UAE and western Oman weaken considerably
with time, and by 1200 UTC, they nearly diminish completely.
The sea breeze from the Arabian Gulf is also weaker in the
MYNN run. A comparison of the 2-m temperature and sea
breeze distributions from these two simulations with the cor-
responding fields from the QNSE run (Figs. 6a–c) reveals that
the QNSE run simulates a much stronger sea breeze from
both the Gulf of Oman and Arabian Gulf. In addition, the
wind field over the land is also notably stronger in the QNSE
simulation.

It is readily apparent from Fig. 9 that the ACM2 run simu-
lates significantly drier air over land, and marginally drier air
over the Arabian Gulf, while the air over the Gulf of Oman
has a similar moisture content to that in the MYNN simula-
tion. The ACM2 run transports drier air from the interior de-
sert that converges with the moist air advecting from the
Arabian Gulf, and this, in turn, leads to substantial mixing. At
1000 and 1200 UTC, the east coast of Oman exhibits notably
lower mixing ratios than those in the MYNN simulation. Al-
though the moisture content is higher on the coasts in the
MYNN run, the winds are not strong enough to transport this
moisture into the mountains to sustain deep convection. On
the west coast of the UAE, the MYNN run shows significant
advection of moisture due to the sea breeze. However, the
mean wind strength over the land is very weak, and therefore,
convergence and moist convection are almost absent near the
west coast. A comparison with Figs. 6d–f indeed suggests that
the QNSE run better simulates the sea breeze and the mois-
ture field. Particularly, the southwesterly wind field over the
inland desert (just west of the Al Hajar Mountains) supports
stronger convergence with the moist air from the Gulf of
Oman. The eastern side of the mountain range exhibits higher
mixing ratios in the QNSE simulation. For instance, along the
Oman coast, the QNSE run shows a water vapor mixing ratio
as high as 23 g kg21 at 0800 UTC (Fig. 6a), which is approxi-
mately 2–3 g kg21 higher than in the other two simulations.

FIG. 7. Divergence of 10-m horizontal wind (shaded; s21) and horizontal wind (vectors) overlaid with 2-m temperature (green contours; 8C)
at (a) 0930, (b) 1000, (c) 1100, and (d) 1130 UTC. The top and bottom rows depict cold pools at different locations, respectively. Thick black
lines mark the coastline.
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The maps of horizontal wind divergence and sea breeze in
the MYNN and ACM2 simulations (not shown) indicate that
these two simulations do not develop the major cold pool that
converges with the sea breeze from the Arabian Gulf. For the
same reason, these two model runs fail to simulate the band
of convection on the west coast of the UAE, though these
simulations show strong moisture transport from the Arabian
Gulf (Figs. 8c,f).

5. Impact of the horizontal grid spacing

So far, we discussed results only from the 1-km domain.
However, it is worth examining how well the model can re-
produce the deep convection and precipitation pattern if we
use a coarser horizontal grid spacing. Specifically, the devel-
opment of the cold pool and its convergence with the sea
breeze are the two aspects most worth exploring. Therefore,
we perform two additional simulations, one with only the out-
ermost 9-km domain and the other one with two nested do-
mains of 9- and 3-km horizontal grid spacing. Both of these
simulations use the QNSE PBL scheme. All the other settings
are unchanged relative to the earlier set of simulations.

The top and middle rows in Fig. 10 show snapshots of the
model-simulated column-maximum reflectivity. All three sim-
ulations show the development of convection along the Al
Hajar Mountains at 0900 UTC. The structure of the convec-
tive band in all three runs is also similar, albeit the convection
in the 9-km run is weaker than the convection in the other

two simulations. For instance, the 9-km simulation at
0900 UTC shows a maximum value of ;40 dBZ, whereas the
other two runs indicate a maximum value of ;54 dBZ. The
deep convection in the 1-km simulation also develops over a
broader area.

At 1145 UTC, all simulations develop convection parallel
to the west coast of the UAE. This convective band is a mani-
festation of the convergence between the sea breeze from the
Arabian Gulf and the cold pools from neighboring convective
activity. The model run reproduces this convective band even
with a 9-km horizontal grid spacing (Fig. 10d), albeit much
weaker in intensity and smaller in extent. The 3- and 1-km
runs simulate the development of this convective band very
well. However, there are noticeable differences between these
two simulations in the locations of maximum reflectivity. The
1-km simulation indicates strong convection over a larger
area than the convection in the 3-km simulation. A compari-
son with the observed radar reflectivity (Figs. 4a–c) reveals
that the 1-km simulation is more consistent with the radar
observations. Overall, there is an added value when using
finer-resolution grids while simulating localized summertime
convective systems over this portion of the Arabian Penin-
sula. The parent domain is capable of reproducing the under-
lying mechanisms leading to deep convection, but adding
finer-resolution nests helps capture the intensity of the con-
vection more realistically.

Figure 10 clearly shows that the development of secondary
convection near the west coast of the UAE occurs in both of

FIG. 8. WRF-simulated 2-m air temperature (shaded; 8C) and 10-m wind field (vectors) from the (a)–(c) MYNN run and (d)–(f) ACM2 run
valid at (left) 0800, (center) 1000, and (right) 1200 UTC 14 Jul 2015.
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the lower resolution simulations (9- and 3-km) as well. There-
fore, it is worth examining how well the model captures the
cold pools at coarser horizontal grid spacing. Figure 11 illus-
trates the structure of cold pools from the 9- and 3-km runs.
A comparison of the horizontal divergence fields (Fig. 11)
with Figs. 7c and 7d, which show the corresponding fields
from the 1-km simulation, suggests that the cold pool is nota-
bly weaker in lower resolution simulations, particularly in the
9-km simulation. However, there is no discernible difference
in the strength of the sea breeze in lower-resolution runs.
Since the intensity of cold pools and the diverging winds asso-
ciated with the convective outflow is much weaker in 9- and
3-km simulations, the convergence pattern resulting from the
convergence of the cold pools with the sea breeze is also
weaker in lower-resolution runs. Figure 11 suggests that the
weaker cold pool leads to a weaker convergence in the lower-
resolution simulations, although a smaller grid size may yield
larger divergence values in the 3- and 1-km runs.

We compare the time evolution of reflectivity and rainfall
averaged over the domain to analyze how the time evolution
of convection and precipitation varies with horizontal resolu-
tion. Figure 12a illustrates that the 9-km simulation develops
convection approximately 1 h later than the 1-km simulation.
The 3-km simulation also indicates a delay of almost 30 min
relative to the convective development in the 1-km run. The
delay in CI with coarser resolution models is documented in sev-
eral previous studies (e.g., Petch et al. 2002; Pauluis and Garner
2006; Hohenegger et al. 2015). The smoother topography in the

coarser resolution runs is also likely to delay CI. However, the
temporal evolution of the spatial structure of deep convection
reveals that although there is a delay in CI in the coarser reso-
lution model runs, there is no discernible difference in the tim-
ing of further development, propagation, and dissipation (not
shown). Therefore, although the 9-km model run shows a de-
lay in CI, the northward and westward propagation of deep
convection is much faster in the 9-km run. Figure 12b suggests
that the delay in CI in the coarser resolution simulations is
also reflected in the rainfall. While both 3- and 1-km runs
show a uniform rainfall intensity throughout the period, the
9-km model run shows a single heavy episode of rainfall be-
tween 1030 and 1100 UTC. The 1- and 3-km model runs also
produce approximately 75% and 50% more rainfall, respec-
tively, than the 9-km model run.

To examine how horizontal grid spacing impacts the verti-
cal motions, we perform isentropic analysis (analyzing mo-
tions on surfaces of constant entropy) here. Isentropic
analysis takes advantage of the fact that equivalent potential
temperature is quasi-conserved in convective motions, and
therefore, one can track the vertical displacement of air par-
cels on constant entropy surfaces. One advantage of isentro-
pic analysis is that it inherently filters out reversible motions
such as gravity waves. Isentropic analysis helps us visualize
the depth of convection and reveals the degree of mixing of
air parcels in terms of ue. Therefore, by performing isentropic
analysis for model output having different horizontal grid
spacing, one can understand how the vertical extent of deep

FIG. 9. As in Fig. 8, but for water vapor mixing ratio (shaded; g kg21) and wind field (vectors) at 975 hPa. The white color indicates terrain
above the 975-hPa surface.
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convection and the entertainment varies with the model’s
horizontal grid size.

By reducing the four spatiotemporal coordinates to
ue–p coordinates}ue and p are the equivalent potential tem-
perature and pressure, respectively}one can visualize the irre-
versible overturning motions associated with the convection
efficiently. The isentropic streamfunction c is defined as

c(p, ue0) 5
1

LxLyP

�P

0

�Ly

0

�Lx

0
2

v

g
H[ue(x, y, p, t) 2 ue0] dx dy dt,

(1)

where Lx and Ly are the zonal and meridional extent of the
domain, P is the averaging time period, and H is the Heavi-
side function: H(x) is 1 for x . 0 and is 0 otherwise. Also, v is
pressure vertical velocity, g is acceleration due to gravity

(9.81 m s22), and ue0 is an arbitrary constant value. Essen-
tially, c accounts for the net vertical mass transport per unit
area and time, at a given pressure level p, of all of the air par-
cels with an equivalent potential temperature less than ue0.

Figures 12c–e show the isentropic streamfunction computed
for an area covering 54.58–57.28E and 23.48–25.58N for the pe-
riod 0600–1400 UTC. The basic structure of the convective
overturning circulation in all simulations is mostly similar,
except that convection on finer grids reaches greater heights.
The streamfunction pattern indicates very strong dry convec-
tion (dark red shading), which is associated with ue values
around 340 K. Dry convection is characterized by minimal
changes in ue values with height, as the intrusion of the ambi-
ent dry air does not change the ue values of convecting dry air
parcels. Figures 12c–e indicate that the bulk of the convective
overturning is due to the dry, inland convection, which is

FIG. 10. The model-simulated column-maximum reflectivity at (a)–(c) 0900 UTC and (d)–(f) 1145 UTC from the (left) 9-km run;
(center) 3-km run; and (right) 1-km run. Also shown is 24-h accumulated rainfall (valid at 0000 UTC 15 Jul 2015) from the (g) 9-, (h) 3-,
and (i) 1-km runs.
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confined below ;450 hPa. All three simulations capture this
dry convection reasonably well. The streamfunction pattern
indicates the presence of air with very high values of ue (;375 K)
in the lower troposphere, which is the moisture-rich air from the
Gulf of Oman. This moist air undergoes ascending motion and
reaches the upper troposphere. In the 9-km run, moist convec-
tion reaches up to 350-hPa (Fig. 12c), whereas in the 3- and 1-km
runs, the moist convection reaches up to ;200- and ;150-hPa,
respectively. The moist air mixes with dry inland air due to enter-
tainment as the air parcels ascend. Therefore, moist convection is
characterized by a decrease in ue values with height. Hence, the
tilt in the pattern of streamfunction implies the degree of dry-air
intrusion. The tilt in the streamfunction below 800-hPa is much
greater for the 9-km run, whereas it is weakest for the 1-km run.
The larger tilt in the 9-km run suggests that the 9-km simulation
undergoes stronger entrainment, whereas dry-air intrusion is
minimal for the 1-km simulation. As a result of this stronger mix-
ing in the 9-km run, updrafts weaken and their equivalent poten-
tial temperatures drop below 350 K at 600 hPa. In contrast, the
3-km run and the 1-km run show that, with less entrainment, up-
drafts maintain an equivalent potential temperature above 350 K
up to 300 hPa.

6. Summary and conclusions

The results from a cloud-resolving scale numerical simulation
of a summertime convective system that occurred on 14 July
2015 over the Al Hajar Mountains and the UAE region are
presented in this study. We used the WRF Model with a
horizontal grid spacing of 1 km. To investigate the model’s

sensitivity to PBL parameterization schemes, we tested
three different schemes: QNSE, MYNN, and ACM2.

The event consists of two major convective bands, one near
the Al Hajar Mountains and another one parallel to the west
coast of the UAE. The convection initially develops on the
mountain peaks when the sea breeze from the Gulf of Oman
encounters high terrain and the mean southerly and south-
westerly flow over land. The moist convection then propagates
southward and northwestward. A second prominent band of
deep convection develops in the afternoon hours just inland
from and parallel to the west coast of the UAE as a manifesta-
tion of the convergence between the cold pools and the sea
breeze from the Arabian Gulf. The results show that the simu-
lation using the QNSE PBL scheme captures the entire se-
quence of events, including the convection initiation over the
Al Hajar Mountains and subsequent northwestward propaga-
tion of the convective activity quite well. The model simulation
generally indicates higher rainfall amounts than observed,
which could be partly due to the uncertainties in radar observa-
tions over complex terrain. The QNSE run produces a larger
land–sea temperature contrast and a stronger sea breeze than
the other two simulations. It also produces a stronger wind field
over land, which is crucial in developing convergence that sup-
ports the deep convection near the mountains. The MYNN run
simulates colder 2-m temperatures and a weaker sea breeze,
and the ACM2 run simulates a relatively drier lower tropo-
sphere over land. Therefore, the MYNN and ACM2 simula-
tions fail to reproduce the moisture transport effectively.
Nevertheless, these two simulations show the convective initia-
tion and further development of moist convection near the

FIG. 11. Divergence of 10-m horizontal wind (shaded; s21) and 10-m horizontal wind (vectors) overlaid with 2-m
temperature (green contours; 8C) at (left) 1100 and (right) 1130 UTC from the (a),(b) 9- and (c),(d) 3-km runs. Thick
black lines mark the coastline.
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Al Hajar Mountains to an extent, with a more scattered struc-
ture in the MYNN run. However, the northward propagation
of convection is absent in both the MYNN and ACM2 runs,
and these simulations fail to develop a major convective plume
west of the mountains. Cold pools from this particular convec-
tive plume converge with the sea breeze from the Arabian
Gulf. While the QNSE run realistically simulates the develop-
ment of the cold pool and subsequent convergence with the sea
breeze, the other two simulations miss these events entirely. A
recent study by Schwitalla et al. (2020), which investigated the
simulation of the same convective event as the current study,
observed poor skill in the rainfall simulation with the MYNN
and YSU PBL schemes, whereas our study suggests a remarkable
improvement in the rainfall simulation with the use of the QNSE
PBL scheme. Future studies, therefore, may focus on testing
the robustness of the QNSE PBL parameterization scheme
for the simulation of several summertime convective events.

We performed another set of experiments to examine the
skill of the WRF Model with coarser horizontal grid spacing
(9- and 3-km) in reproducing the moist convection and the
convergence of cold pools with the sea breeze. A comparison
with the radar observations reveals that the 1-km model run
shows better skill in reproducing the spatial structure of

convective bands. However, the 3-km run also simulates the
convective event reasonably well, including the secondary de-
velopment of convection near the west coast of the UAE. A
detailed examination of the convergence of the cold pools
and the sea breeze at different horizontal grid spacings reveals
that cold pools and the divergence are considerably stronger
in the high-resolution runs, though there is no discernible dif-
ference in the strength of the sea breeze. Therefore, the weaker
cold pool leads to weaker convergence in the lower-resolution
model runs. The time evolution of domain-averaged simulated
radar reflectivity suggests that CI occurs earliest in the 1-km
run, followed by the initiation in the 3-km model run about
30 min later and the 9-km model run almost 1 h later. Isentro-
pic analysis indicates that the convection in the 1-km simula-
tion reaches a greater height than in the other two simulations.
Overall, the results from this experiment indicate that the
broader structure of the deep convection develops in the 9-km
run also, although at a lower intensity. The choice of the PBL
parameterization scheme, through its effect on representing
the sea breeze, has a more significant impact on convection
than the horizontal resolution of the model.

The results from this study are particularly important be-
cause no study is available in the literature that demonstrates

FIG. 12. Time series of (a) domain-averaged column-maximum reflectivity and (b) domain-averaged accumulated precipitation from
the resolution sensitivity experiments. Also shown are the isentropic streamfunction computed from the (c) 9-, (d) 3-, and (e) 1-km model
runs.
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the sequence of events involved in the summertime convec-
tive events over the Al Hajar Mountains and adjoining areas
of the UAE. Moreover, a couple of previous studies that at-
tempted to simulate similar convective events reported rela-
tively poor skill in reproducing the observed rainfall pattern
(Schwitalla et al. 2020; Francis et al. 2021). Therefore, our
study provides significant value in terms of realistic simulation
of the entire sequence of events associated with the summer-
time convective event discussed here. The present model con-
figuration appears promising, and therefore it possibly can be
utilized in the ongoing cloud-seeding experiments to identify
CI in advance, after testing on more cases.
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