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Abstract
In this study, we present a five-member Weather Research and Forecast-
ing (WRF) physics ensemble over the Arabian Peninsula on the convection-
permitting (CP) scale and investigate the ability to simulate convection and
precipitation by varying the applied cloud microphysics and planetary bound-
ary layer (PBL) parametrizations. The study covers a typical precipitation event
ocurring during summertime over the eastern part of the United Arab Emirates
(UAE). Our results show that the best results are obtained by using water- and
ice-friendly aerosols combined with aerosol-aware Thompson cloud micro-
physics and the Mellor-Yamada-Nakanishi-Niino (MYNN) PBL parametriza-
tion. The diurnal cycle of 2-m temperature over the desert is well captured by all
members, although a cold bias is present during the morning and evening tran-
sition. All members are capable of simulating the correct timing of the onset of
convection. Simulations with the MYNN PBL and Thompson scheme produce
the highest convective available potential energy (CAPE) and convective inhibi-
tion (CIN), associated with stronger mixing inside the PBL, leading to the forma-
tion of more dense liquid water clouds. The WDM6 microphysics scheme is not
a suitable option, as there are hardly any liquid water clouds; mainly ice clouds
are simulated. Precipitation is best captured by applying the MYNN and Thom-
spon scheme. Although the ensemble size is relatively small, this allows for
the provision of cloud probability maps suitable for cloud-seeding applications.
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1 INTRODUCTION
The climate of the Arabian peninsula is characterized
by high temperatures and low precipitation amounts.

All authors contributed equally to this work.

However, annual cycles are still pronounced, with maxima
of precipitation and minima of temperatures in winter. The
meteorological situations in winter and the transition peri-
ods are driven by troughs moving southeastwards along
Saudi Arabia, leading to prevalent northwesterly winds
(Patlakas et al. 2019).
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Over the United Arab Emirates (UAE), these condi-
tions result in annual precipitation amounts between 20
and 130 mm from west to east, which are produced mainly
during the winter–springtime period, whereas the sum-
mertime precipitation is only around 20% of the annual
precipitation.

The opposite is the case in summer. During summer,
strong suppression of vertical motion is present, due to the
subtropical high leading to a strong reduction of precip-
itation. However, upper-level disturbances from tropical
monsoon flows are the main factor responsible for mois-
ture transport toward the Arabian Peninsula (Böer, 1997;
Al Mandoos, 2005).

Regardless of the small rain amounts in summer, favor-
able conditions for rain events can still exist, leading to
convection initation (CI) over the Al Hajar mountain range
and convergence zones over the west. The understand-
ing and correct simulation of these effects is crucial for
the prediction of extreme events and for the application
of weather modification efforts like cloud seeding and and
rain enhancement by using desert plantations (Branch and
Wulfmeyer, 2019).

Favorable conditions are due to the low-level forcing of
vertical motion in a rather diffuse section of the intertrop-
ical convergence zone (ITCZ) and due to land-surface het-
erogeneity. The latter is caused by sea-breeze effects and
the orography in the Hajar mountains in the northeastern
part of the country eventually leading to the develop-
ment of convergence zones along the coast and over the
Hajar mountain range. Therefore, though summertime is
the driest period for the Arabian peninsula, a significant
west–east gradient exists, with basically no rainfall over
the deserts in the western and central part of the UAE,
with amounts < 5 mm, but with increasing amounts up
to ≈ 20 mm toward and over the Hajar mountain range
(Wehbe et al. 2017; Mahmoud et al. 2019). The latter
is produced by a series of CI events over the Al Hajar
Mountains, which can propagate to the west depend-
ing on the local and large-scale forcing conditions (Böer,
1997; Sherif et al. 2014; Steinhoff et al. 2018; Wehbe et al.
2019).

Overall, these rain amounts correspond to a volume
of 50 million m3 of water during summer, which is by
far insufficient to provide enough water for agriculture
and daily life. The UAE requires around 1.74 billion m3

of water1 per year, which will increase further due to the
rapid development of the population. Furthermore, the
Arabian Sea is characterized by a high salinity of around
4%, so that the sea water cannot be used for irrigation
and drinking water. Thus, seawater desalination is applied,

1https://government.ae/en/information-and-services/environment-
and-energy/water-and-energy/water-

which provides by far the majority of the required water,
but this technique is very expensive and not sustainable.

Due to the lack of natural rain events and the com-
plexity and expenses of the desalination efforts, the UAE
started the investigation of cloud seeding for rain enhance-
ment as early as the 1990s. Mainly, hygroscopic seeding
was investigated and analyzed by statistical evaluation of
the results. Bruintjes (1999), NCAR (2005), and Breed et al.
(2007) showed that a positive impact of hygroscopic cloud
seeding was not detectable within the error limits.

In order to get further insight into the understand-
ing of the modification of clouds and rain amounts, the
UAE Research Program for Rain Enhancement Science
(UAEREP2) was launched by the UAE Ministry of Presi-
dential Affairs in 2015. The major goals of the UAEREP
are to advance the science of rain enhancement and to
increase rainfall for water security in the UAE and other
arid and semi-arid regions. One of the specialties of the
UAEREP is that not only cloud seeding approaches are
considered; rather, the research is rather general. Also, var-
ious other techniques and approaches are considered, such
as changes of land-surface conditions and a variety of tech-
nical solutions. Currently, nine projects are funded in three
funding cycles.

One of the projects in the first cycle was awarded to
the University of Hohenheim (UHOH) in Stuttgart, Ger-
many. This project is called Optimizing Cloud Seeding by
Advanced Remote Sensing and Land Cover Modification
(OCAL3). It is the first and only project in the UAEREP
to study the potential of land-surface modifications to
enhance rainfall in desert regions. OCAL has two main
goals.

1. Provide the UAE with unique modeling and observa-
tional capabilities for improving cloud process under-
standing, forecasting, and cloud-seeding guidance.

2. Study the effect of land-surface modifications on the
initiation and amplification of precipitation over the
UAE.

This work focuses on the first item and reports its first
results. This research activity is based on the following
considerations.

• It is not sufficient to investigate the impact of
cloud-seeding efforts merely by statistical analysis
of experiments. Due to the absence of identical twin
experiments and the complex cloud and precipitation
development and evolution, statistical analyses will
remain highly uncertain and often are not reliable.

2http://www.uaerep.ae/
3 https://ocal.uni-hohenheim.de/en
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• Therefore, advanced model systems must be developed
and applied that are capable of simulating the
preconvective environment, as well as the evolution
of clouds and precipitation, with high temporal and
spatial resolution and high predictive skill.

• The forecast accuracy needs to be be characterized by
uncertainty estimates derived from ensemble simula-
tions.

These are essential steps to advance rain enhance-
ment research, because then the results can be used
for cloud-seeding guidance, the simulation of other rain
enhancement efforts, and the evaluation of the impact of
cloud-seeding efforts without conducting long-term statis-
tical experiments.

However, this requires excellent performance of the
model system. The question arises: how should an ensem-
ble forecast system be designed in order to reach these
ambitious goals? Current understanding of research activ-
ities in ensemble-based weather forecasting reveal that it
should be focused on the following issues.

1. The ensemble members must be operated on the
convection-permitting (CP) scale (≈ 2 km), if not on
the turbulence-permitting scale (100 m), in order to
avoid parametrizations of deep convection and resolve
land-surface heterogeneities and convergence zones
(Bauer et al. 2011; Palmer, 2013; Schwitalla et al. 2017).

2. As computing power is a limiting factor for the oper-
ation of CP ensembles, a limited-area model (LAM)
needs to be operated, which requires the forcing of the
model system with global analyses. Therefore, the qual-
ity of these global analyses should be as accurate as
possible.

3. The ensemble represents the model uncertainty with
respect to initial conditions and model physics, so that it
approaches as best as possible the limits of predictabil-
ity (e.g., Evans et al. 2012; Palmer and Zanna, 2013; Zhu
and Xue, 2016).

4. A data assimilation system needs to be applied to opti-
mize the initial state of the model system.

In this work, we demonstrate the first results toward
the design and operation of an ensemble forecasting sys-
tem for the UAE. To our knowledge, this is the first effort
to perform forecasts with uncertainty estimates over the
Arabian Peninsula covering points 1–3 of the issues above.
Data assimilation efforts using an advanced variational
data assimilation system will be the subject of a future
publication. Here, we present the setup and performance
of a new five-member forecast ensemble with CP reso-
lution, which was developed for quasi-operational fore-
casts over the UAE. We evaluate its performance for a

complex CI case, where precipitation developed over the
Al Hajar mountains with respect to various crucial vari-
ables, starting with surface fluxes, to surface atmospheric
variables, to cloud and precipitation fields. According to a
study of Niranjan Kumar and Ouarda (2014), the monthly
mean rainfall amount for July near the mountains is about
0.2 mm. This very low amount of rainfall mean that a
meaningful statistical evaluation is not feasible. There are
simply not enough days during summer that have intense
cloud development and a considerable amount of rainfall.

The article is laid out as follows. Section 2 provides the
state-of-the-art of our understanding of the process chain
leading to summertime CI, as well as the development of
clouds and precipitation over the UAE. Section 3 describes
the design of the ensemble. Section 4 gives an overview
of the data sets applied for model verification. The mete-
orological conditions of the case are presented in section
5. Section 6 shows the results and analyzes the accuracy
and the uncertainty of the results. The last section summa-
rizes our results and gives an overview of necessary future
activities to refine the results further.

2 SUMMERTIME CONVECTION
INITIATION OVER THE ARABIAN
PENINSULA

The summer climate over the Arabian Peninsula is char-
acterized by a heat low centered over Saudi Arabia with
a central pressure of approx. 1000 hPa. This is a typical
value over warm-season desert regions (Ackerman and
Cox, 1982; Warner, 2004; Steinhoff et al. 2018). Due to
the surface heating, the minimum pressure varies greatly
during the daytime, leading to an even larger pressure gra-
dient and thus higher wind speeds, potentially increasing
surface convergence (Mohalfi et al. 1998).

During summertime, due to the large contrasts
between sea-surface temperatures of the Arabian Gulf and
the Gulf of Oman and air temperatures over land, a strong
sea breeze develops during the daytime (Rácz and Smith,
1999), with an inland extent of more than 50 km (Eager
et al. 2008). During the night, a land breeze exists along
the coast, in combination with a low-level jet (Ranjha
et al. 2015). The properties of this nocturnal jet deter-
mine the strength of the sea breeze on the following day.
Due to high sensible heat fluxes over land and low-level
wind shear induced by the sea breeze, boundary-layer con-
vection is often organized by horizontal convective rolls
(Weckwerth et al. 1997) while its structure is mainly deter-
mined by the ratio of the boundary-layer height zi and the
Monin–Obukhov length L (Weckwerth et al. 1999). Both
the sea breeze and the convective rolls interact in such a
way that the sea breeze provides moisture from the sea
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F I G U R E 1 Schematic of the environmental conditions for
convection initation. The Arabian heat low is located over Saudi
Arabia, as seen in the left of the figure. During daytime, a strong sea
breeze develops over the UAE and Oman. Together with the
differential heating over the Al Hajar mountains, a heat low is
induced, leading to convection initation along the white dashed
line. Colored isosurfaces over the mountains indicate clouds, while
the wind barbs show near-surface wind colored by vertical velocity

and the convective rolls transport the moisture further
upwards.

Figure 1 shows a schematic of the relevant processes.
Due to the steep mountain slopes in the Al Hajar Moun-
tain range, differential surface heating plays an important
role in the initiation of convection (Kottmeier et al. 2008).
During daytime, the mountain slopes are heated by the
sun and the air close to the ground is warming more
rapidly than the adjacent air in the valleys. As the air den-
sity decreases with higher temperature, an upward motion
starts to develop toward the mountain slope, resulting in
the development of a localized low-pressure system.

The convergence over the mountains is enhanced by
the northwesterly flow from the Arabian Gulf and the east-
erly flow from the Gulf of Oman toward the Al Hajar
mountains associated with the land–sea breeze occurring
during daytime.

To support this theory, Figure 2 shows the 10-m
wind speed and direction from the European Centre for
Medium-Range Weather Forecasts (ECMWF) operational
analysis averaged for June, July, and August 2015 at
1200 UTC (4:00 pm local time). Although some daytime
convergence zones can be detected in the western part of
the UAE, near the border toward Saudi Arabia (Steinhoff
et al. 2018), the strongest convergence occurs over the Al
Hajar mountains.

An early study of Claußnitzer and Névir (2009) sug-
gests that mid and upper troposphere vorticity advec-
tion can also play a role in convection initation and
can determine its strength. This is partly confirmed by

a study of Weijenborg et al. (2015), but requires further
extensive evaluation. Upper–mid-level static instability, as
evidenced by tropospheric quantities such as convection
triggering potential (CTP), analogous to convective avail-
able potential energy (CAPE), and dew-point depressions,
can also play a considerable role in constraining moist con-
vection, even when locally forced by the land surface (e.g.,
Findell and Eltahir, 2003a; 2003b).

Figure 3 shows the three-month mean cloud liquid
water path (LWP) derived from the CM SAF CLoud
property dAtAset using the Spinning Enhanced Visible
and InfraRed Imager (SEVIRI) Edition 2 (CLAAS2) data
set (Finkensieper et al. 2016b). High values of LWP are
observed over the mountains, confirming the convergence
zones shown in Figure 2. Further details about this product
are explained in section 4.

Figure 4 shows the accumulated precipitation dur-
ing summer 2015 as derived from CHRIPS V2 (Funk
et al. 2015). The precipitation maximum over the Al Hajar
mountain region is clearly visible, with a maximum reach-
ing 15 mm throughout the summer. This is consistent
with findings of Sherif et al. (2014), who investigated
annual precipitation patterns over four different regions in
the UAE.

3 WRF MODEL DESIGN
AND SETUP

The model ensemble is based on the Weather Research
and Forecasting model (WRF: Skamarock et al., 2008) ver-
sion 3.8.1, together with the Advanced Research WRF
(ARW) core. The ARW core solves the Euler equations on a
discretized horizontal grid with terrain-following vertical
coordinates.

For simulating the convection and convective initia-
tion and thus seedable clouds, it is important to apply a
high horizontal model resolution in order to represent con-
vergence zones, especially over the mountains (Schwitalla
et al. 2008; Bennett et al. 2011; Wulfmeyer et al. 2011),
which is the prevailing situation over the UAE during sum-
mer time. Therefore it is necessary to operate the model on
the CP scale, which corresponds to grid increments< 4 km
(Bauer et al. 2011; 2015; Schwitalla et al. 2011; 2017).

The selected model domain comprises 900×700 grid
cells in the horizontal direction and 100 vertical levels.
In the lowest 2,000 m above ground, the level density is
increased so that ∼25 levels are present, in order to be able
to resolve the strong moisture gradients in the planetary
boundary layer and the lower troposphere. All simulations
were performed with a CP horizontal grid increment of
0.025◦ (≈2,779 m). No parametrization of deep convection
was applied. Soil texture data are obtained from Milovac
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F I G U R E 2 ECMWF operational analysis 10-m wind velocities averaged over June, July, and August 2015 for 1200 UTC

et al. (2014) and a high-resolution land-use data set for
the UAE was provided by the National Center for Mete-
orology (NCM) in Abu Dhabi. The data were reclassified
from the original categories to the 20 class IGBP–MODIS
categories applied in WRF. The model domain and applied
land-cover data over the eastern UAE are shown in
Figure 5a,b. The model was compiled with the Intel com-
piler version 18 and the simulations were performed on the
Cray XC40 system at the High-Performance Computing
Center Stuttgart (HLRS).

Initial and boundary conditions were obtained from
the operational ECMWF IFS operational forecasting sys-
tem cycle 41r1. The horizontal resolution is approx. 16 km,
with 137 levels up to 0.01 hPa, and 100 levels being avail-
able until the applied model top of 20 hPa. In addition
to the ECMWF data, high-resolution sea-surface tem-
perature (SST) data from the Operational Sea Surface
Temperature and Ice Analysis (OSTIA) project (Donlon
et al. 2012) were used, providing a better representation

of near-coastal areas. Soil moisture and temperatures are
obtained from the ECMWF analyses, which assimilate
satellite soil-moisture data (Albergel et al. 2012) into the
ECMWF land-surface model HTESSEL (Balsamo et al.
2009). An initial comparison revealed no major differences
between the ECMWF and WRF soil moisture, as the soil
moisture is very low, with values less than 0.1 m3⋅m−3.
Nevertheless, a four-week soil-moisture spin-up simula-
tion was performed to avoid inconsistencies. The simula-
tion period is 18 hr, as the main interest is in convective
activity during the daytime.

Additionally, all members make use of the aerosol
optical depth data from the ECMWF Composition and
Climate atmospheric composition and climate reanalysis
project (Inness et al. 2013) interacting with the shortwave
radiation scheme.

Land-surface processes and land–atmosphere
interaction were represented by the Noah LSM with
multi-parameterization options (NOAH-MP) land-surface
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F I G U R E 3 Mean cloud liquid water path from the CLAAS 2
data set during summer 2015

F I G U R E 4 CHIRPS V2 accumulated precipitation during
summer 2015

model (LSM; Niu et al., 2011). Compared with the more
simple NOAH LSM (Ek et al. 2003), NOAH-MP contains
a separate vegetation canopy defined by a canopy top and
bottom layer including a modified energy-balance closure
approach. It allows for dynamic vegetation and different
approaches for radiation budget calculation. NOAH-MP
also contains a tile approach, where the net longwave radi-
ation and turbulent fluxes are calculated separately for
bare soil and the canopy layer. The calculated fluxes over
canopy grid cells are a weighted sum of canopy and bare
soil fluxes. Further details about the differences between
NOAH and NOAH-MP and the selected NOAH-MP
options applied in this study can be found in Milovac et al.
(2016).

Please note that a most accurate consideration of land
cover such as vegetation was not that important for these
ensemble simulations, but was for the second OCAL objec-
tive. The study of land-cover modifications such as plan-
tations for the enhancement of cloud and precipitation
development requires a consistent model system with an
up-to-date data set.

In contrast to the NOAH LSM, the turbulent exchange
parameters over land used by the planetary boundary
layer (PBL) schemes are calculated directly in NOAH-MP
instead of the surface-layer scheme (Nielsen, 2013). Over
water areas, the MM5 surface-layer scheme (Jimenéz et al.
2012) calculates all turbulent fluxes.

To represent the interaction of the land surface with
atmospheric variables like temperature, moisture, clouds,
and wind, the Mellor–Yamada–Nakanishi–Niino (MYNN)
PBL parametrization (Nakanishi and Niino, 2006) cou-
pled with the MYNN surface-layer scheme is applied.
The MYNN PBL is being evaluated extensively in the
WRF community (e.g., Shin and Hong, 2011; Chaouch
et al. 2017; Fekih and Mohamed, 2017). MYNN is a local
approach based on the level 1.5 turbulent kinetic energy
(TKE) closure scheme of Mellor and Yamada (1974), in
which the turbulent fluxes of any conserved quantity are
related to gradients of their mean values at adjacent levels
only. The height of the PBL (PBLH) is diagnosed based on
a weighted sum of the calculation of PBLH from the verti-
cal profile of potential temperature and PBLH calculated
from TKE.

Radiation is parametrized by the Rapid Radiative
Transfer Model for Global Circulations Models (RRTMG:
Iacono et al., 2008) for shortwave and longwave radiation.
This scheme is a highly efficient parametrization and is
widely used in the WRF and numerical weather predic-
tion (NWP) community (Branch et al. 2014; Schwitalla
et al. 2017; Strobach and Bel, 2019). RRTMG has 14 wave-
bands for shortwave and 16 bands for longwave radiation
and accounts for the absorption of atmospheric gases like
CO2, N2O, and CH4. It also contains a subgrid-scale cloud
module based on fractional cloud cover and interacts with
cloud microphysical properties like cloud water, cloud ice,
snow, and rain water. The CO2 content is set to 395 ppm
in our study.

Cloud microphysics is represented by the scheme of
Thompson et al. (2008). This scheme is a double-moment
scheme predicting mass mixing ratios of cloud water, rain
water, cloud ice, snow, and graupel, as well as the num-
ber concentrations of cloud ice and rain. As the developer
suggested increasing the number of cloud droplets from
100×106 m−3 to a higher value, this value was increased
to 200×106 m−3, which is considered as an intermediate
aerosol loading, although this can lead to a reduction of
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F I G U R E 5 (a) Map of the applied WRF model domain with terrain height. (b) Landcover data zoom over the eastern UAE. (c) Zoom
into the UAE with the surface stations from NCM (red dots) and GTS (white dots) used for validation. The black and blue dots denotes the
locations for the time series shown in section

rain due to nonlinear effects (Khain et al. 2009; Heikenfeld
et al. 2019).

As even a CP resolution of 0.025◦ can still be too coarse
to represent shallow clouds (Prein et al. 2015; Kendon et al.
2017), the global and regional integrated model system
(GRIMs) shallow convection scheme (Hong et al. 2013) is
applied, as this scheme can be used independently of other
parametrizations.

To investigate the simulated cloud and precipitation
development sensitivity with respect to the applied model
physics, the choice of PBL parametrization and cloud
microphysics was varied.

The MYNN PBL scheme was replaced by the Yonsei
University (YSU) PBL parametrization (Hong et al. 2006;
Hong, 2007). The YSU PBL scheme is a nonlocal approach,
where large eddies are taken into account by adding a
countergradient correction term to the turbulent fluxes.
The reader should note that the GRIMs shallow convec-
tion scheme has an additional interaction with the YSU
scheme via the entrainment layer depth calculated in the
YSU scheme.

Argüeso et al. (2011), García-Díez et al. (2013), and
Steeneveld et al. (2015) investigated the performance of dif-
ferent PBL schemes over different regions. Their studies
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T A B L E 1 Parametrizations used in the five-member ensemble

Experiment name Microphysics PBL scheme Surface layer physics Aerosol climatology

CONTROL Thompson 2-moment
(Thompson et al. 2008)

MYNN (Nakanishi and
Niino, 2006)

MYNN Tegen et al. (1997)

AERO Thompson
aerosol-aware (Thomp-
son and Eidhammer,
2014)

MYNN MYNN Colarco et al. (2010)

AERO_YSU Thompson
aerosol-aware (Thomp-
son and Eidhammer,
2014)

YSU (Hong, 2007) MM5 (Jimenéz et al. 2012) Colarco et al. (2010)

N_AERO_YSU Thompson 2-moment
(Thompson et al. 2008)

YSU MM5 Tegen et al. (1997)

WDM6 WDM6 (Lim and Hong,
2010)

MYNN MYNN Tegen et al. (1997)

show that the results often depend on the evaluation
region. Chaouch et al. (2017) investigated the performance
of different PBL parametrizations over the Arabian Penin-
sula and found the best performance for nonlocal schemes,
although a negative near-surface dewpoint bias is present
with all applied PBL schemes.

The cloud microphysics was switched from the
Thompson scheme without aerosol considerations to
the Thompson aerosol-aware scheme of Thompson and
Eidhammer (2014). The aerosol climatology for the
Thompson aerosol-aware scheme is provided on the WRF
web page based on the work of Colarco et al. (2010) and
is converted to number concentration ratios to be used in
WRF. The aerosol-aware scheme is expected to improve
cloud properties by a direct coupling to the RRTMG radi-
ation scheme (Thompson et al. 2016). Additionally, the
double-moment 6-class microphysics scheme (WDM6)
microphysics scheme of Lim and Hong (2010) is applied.
WDM6 is also a double-moment scheme with prognostic
equations for the same hydrometeors as the Thomp-
son scheme, but includes a prognostic equation for the
cloud droplet concentration, which is prescribed in the
non-aerosol aware Thompson scheme. This scheme is
also widely used in the WRF community (Bae et al. 2016;
Galligani et al. 2017; Song and Sohn, 2018). Keep in mind
that WDM6 does not interact with aerosol data like the
Thompson aerosol-aware scheme.

Table 1 summarizes the applied parametrizations and
options for the five-member physics ensemble.

4 VALIDATION DATA SETS

For validation, surface stations and satellite data are
applied. To achieve a higher station density over the UAE,

compared with data from the global telecommunication
system (GTS), additional surface observations were pro-
vided by the UAE NCM. The data were quality-controlled
by NCM staff prior to the data provision. The overall sta-
tion distribution is shown in Figure 5c. In our study, we
focus on the 2-m temperature, 2-m humidity, and 10-m
wind velocities for the part of the UAE west of 55.5◦E.
Surface stations in the eastern part of the UAE are not con-
sidered for evaluation, as they are often located in small
towns not represented by the model and thus show a
heat-island effect during night-time, to the disadvantage of
model performance.

In addition, the shortwave downward radiation prod-
uct from the EUMETSAT Satellite Application Facility
on Land Surface Analysis (LSA SAF: Trigo et al., 2011)
is applied. This data set provides instantaneous down-
welling shortwave downward radiation flux measure-
ments (SWDOWN) from the Meteosat Second Generation
(MSG) SEVIRI instruments over the wavelength interval
between 0.4 and 4 𝜇m at a spatial resolution of 0.05◦ ×
0.05◦ with a temporal resolution of 30 min. The SWDOWN
product has an accuracy of 10% for the case in which
SWDOWN is larger than 200 W⋅m-2 and an accuracy of
20 W⋅m−2 otherwise.

In order to investigate the cloud evolution, we applied
the Satellite Application Facility on Climate Monitor-
ing CLoud property dAtAset using SEVIRI–Edition 2
(CM–SAF CLAAS2) data set (Finkensieper et al. 2016b),
providing information about the cloud liquid water path
(CWP) during daylight. This product provides information
on cloud properties derived from the 0.6-, 0.8-, and 1.6-𝜇m
channels of the MSG SEVIRI instrument. The ground res-
olution over the Arabian Peninsula is about 5 km and
the data are available every 15 min at a 0.05◦ × 0.05◦
resolution.
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According to the validation report (Finkensieper et al.
2016a), the accuracy of the CWP product is 10 g⋅m−2. As
CWP is derived from optical depth data using the rela-
tion from Stephens (1978) depending on optical depth,
we discard all observations showing CWP values less than
0.05 mm (Kniffka et al. 2014).

Validation of precipitation is performed against the Cli-
mate Hazards Group Infrared Precipitation with station
data (CHIRPS; Funk et al., 2015). The data set is based
on the TRMM Multi-Satellite precipitation analysis 3B42
product (NASA, 2011). The satellite data are blended with
available surface observations based on a sophisticated
inverse distance weighting algorithm. This data set is avail-
able on a 3 hr to monthly basis at a horizontal resolution
of 0.05◦ between 50◦N and 50◦S. In our study, the daily
product was applied.

The statistics for 2-m temperatures and dewpoints as
well as 10-m wind speeds are obtained with the Model
Evaluation Tool (MET) developed by the Developmental
Testbed Center (DTC, 2017). Model grid points were inter-
polated to the NCM weather station locations by using
a 3×3 distance-weighted mean of the surrounding model
grid boxes.

5 CASE STUDY DESCRIPTION

After the set up of our model system, we performed our
case study for July 14, 2015. This day was chosen as it rep-
resents a typical weather situation over the UAE. The day
started without any single cloud over land and was charac-
terized by a midtroposphere low-pressure system centered
over the eastern part of Saudi Arabia, associated with a sur-
face heat low-pressure system (upper panel of Figure 6).
Mid- and upper-level winds over the eastern part of the
Arabian Peninsula are coming from the east, associated
with a strong wind shear in the upper troposphere, indi-
cated by the different wind directions at 500 and 300 hPa
(not shown).

In the lower troposphere at 925 hPa, the wind direc-
tions show large variability, with a southerly flow over the
UAE (lower panel of Figure 6). The water-vapor mixing
ratios over the Arabian Peninsula are found to be between
5 and 17 g⋅kg−1. The 850-hPa temperatures reached 30◦,
resulting in 2-m temperatures of more than 45◦ during the
day. Together with very high water temperatures of more
than 30◦ and thus a very high moisture content in the
Arabian Gulf, this results in very high values of CAPE of
more than 1500 J⋅kg−1 over the sea and near the coasts (not
shown).

These meteorological conditions result in convection
initiation over the Al Hajar Mountain range, with a level
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F I G U R E 6 Upper panel: 500 hPa geopotential height
(shaded) with overlaid wind vectors (m⋅s−1) and sea-level pressure
contour lines (hPa) for July 14, 2015 0600 UTC. Lower panel:
925 hPa water-vapor mixing ratios (shaded) with wind vectors
(m⋅s−1). Data are obtained from the operational ECMWF analysis.
Gray areas denote regions above 925 hPa

of free convection (LFC) around 550 hPa and isolated pre-
cipitation in this area.

6 RESULTS

6.1 Surface radiation

Figure 7 shows a comparison of the mean LSA SAF
SWDOWN with the mean SWDOWN values of the AERO,
AERO_YSU, CONTROL, and WDM6 simulations over the
simulation domain. The data are available every 15 min
and averaged between 1000 UTC and 1300 UTC, which is
the time period where the main convection occurs.
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F I G U R E 7 Mean SWDOWN flux of (a)
LSA SAF product, (b) AERO simulation, (c)
AERO_YSU, (d) CONTROL, and (e) WDM6
simulation. The data are averaged between 1000
and 1300 UTC

The LSA SAF SWDOWN flux observation shows a
west–east gradient between 800 and 500 W⋅m−2. The cloud
development over the Al Hajar mountains is clearly
visible, with values of less than 300 W⋅m−2, as well
as the mid- and low-level clouds associated with the
low-pressure system over Saudi Arabia. The AERO simu-
lation (Figure 7b) shows a similar cloud pattern over the

Al Hajar mountains, with values less than 300 W⋅m−2. The
AERO_YSU simulation tends to overestimate the cloud
coverage, especially in the southern part of the model
domain, and also shows a more frequent occurrence of
shallow clouds in the western half of the model domain.

The CONTROL simulation (Figure 7d) shows a similar
cloud pattern to the AERO simulation, but the absolute
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values of SWDOWN are less than in the simulation with
the aerosol-aware Thompson scheme. The WDM6 simula-
tion simulates considerably less cloud coverage compared
with all other simulations.

The mean observed SWDOWN flux is 651 W⋅m−2,
while the simulated values are 597, 642, 614, and
627 W⋅m−2 for the CONTROL, AERO, AERO_YSU, and
WDM6 simulations, respectively.

It is interesting to note that the SWDOWN flux min-
imum is less in all of the simulations, with AERO_YSU
showing the lowest value of 33 W⋅m−2. The standard devi-
ations of nearly all model simulations are higher than
observed, especially the AERO_YSU simulation, which
shows a value of 120 W⋅m−2, while the observation has a
standard deviation of 95 W⋅m−2.

Although the mean value only shows a difference of
5%, this points to more deeper and more localized clouds
in the simulation. In contrast, the WDM6 shows a standard
deviation of 75 W⋅m−2, pointing to an underestimation of
cloud development. This is confirmed by the CWP shown
later (in Figure 12e).

Compared with the default applied aerosol climatology
of Tegen et al. (1997) for the CONTROL, N_AERO_YSU,
and WDM6 simulations, application of the water- and
ice-friendly aerosol climatology of Colarco et al. (2010)
helps to improve the shortwave irradiation.

6.2 Surface variables

Figure 8a shows the mean diurnal cycle of 2-m temper-
ature averaged over the western part of the UAE up to
55.5◦E. The available stations are shown by the red dots in
Figure 5c. It is seen that the initial state mean at 0000 UTC
is in perfect agreement with the observations.

During the morning transition until 0400 UTC
(8:00 a.m. local time), all model simulations show a mod-
erate cold bias of about 4 K, which reduces to almost
zero during daytime. During the evening transition after
1400 UTC, all simulations show a cold bias of 3 K. It is
interesting to note here that stations located in the inland
desert region show a stronger temperature bias compared
with stations near the coast. The root-mean-square error
(RMSE) increases to around 4.5 K during the morning and
evening transition, while it is around 3 K during the day-
time. The correlation drops down to almost zero during
these periods, while it increases to 0.97 during the daytime.

For the mean 2-m dewpoints (Figure 8b), all simu-
lations show a negative bias of 2 K during the morning
transition, turning into a positive bias of 3 K during day-
time and matching the observations after 1200 UTC, and
the correlations remain above 0.9 (not shown).

Figure 8c shows the diurnal cycle of the 10-m wind
speeds for the western part of the UAE. All simulations
follow the observed diurnal cycle. During daytime, the
simulations show a positive bias of 1.5 m⋅s−1, turning into
a negative bias after sunset.

6.3 Vertical distribution
of temperature and moisture

To complement the evaluation of shortwave radiation, 2-m
temperatures, and 2-m dewpoints, the vertical structures
of moisture were investigated. Figure 9 shows a time series
of moisture over the mountains (upper two rows) and the
desert (lower two rows). The locations are shown by the
black and blue dots in Figure 5c. From Figure 9a,b, we
see that both the YSU and MYNN PBL schemes simu-
late similar boundary-layer heights of up to 5000 m above
ground level (AGL) over the mountains northeast of Al
Ain. These values were confirmed by the sounding of Abu
Dhabi International Airport.

At 0430 and 0900 UTC, both experiments show a moist
plume over the mountain, expanding from the surface to
about 1,500 m AGL. This is related to moist air masses
advected from the Gulf of Oman reaching the mountain
tops. The AERO simulation shows higher values of water
vapor, probably as a result of stronger mixing inside the
PBL, although the updrafts are weaker by 0.5 m⋅s−1 (not
shown).

In the further course of the day, the MYNN PBL
simulates higher horizontal wind speeds compared with
the YSU PBL, resulting in a stronger convergence at
higher altitudes over the mountain at 0900 UTC (1:00 p.m.
local time). This is also seen by strong updraft veloci-
ties exceeding 4 m⋅s−1 followed by strong downdrafts of
more than 4 m⋅s−1 throughout the atmosphere, associated
with rain reaching the ground and stabilizing the atmo-
sphere, as seen by the gradient Richardson number Ri
(Chan, 2008; Figure 10a). Further, another moist plume
starts to rise around 1300 UTC in both experiments, with
higher moisture values in the AERO_YSU simulation, as
the wind direction in both simulations shows a northerly
component.

The AERO_YSU simulation only shows a very weak
convergence at higher altitudes and also does not simulate
any rain water. At 1330 UTC, the AERO simulation shows
another convergence zone with moist air rising from the
ground, while the AERO_YSU simulation shows a strong
convergence with moderate updrafts, leading to cloud for-
mation but without any rain, also reflected in the gradient
Richardson number Ri (Figure 10b). It is also worth not-
ing that the simulation with the MYNN PBL scheme starts
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F I G U R E 8 Mean diurnal cycle of (a) 2-m temperature, (b) 2-m dewpoint, and (c) 10-m wind speeds averaged over the western UAE up
to 55.5◦E

to spin up turbulence earlier than the simulation with the
YSU PBL scheme.

For the desert location (Figure 9c,d), the southerly
low-level jet originating from the Arabian Sea and Oman
is clearly visible up to 1,000 m ASL until 0645 UTC, fol-
lowed by a strong weakening of the the low-level winds

(Ranjha et al. 2015). The large amount of near-surface
moisture is transported to higher altitudes during the
day as the boundary layer starts to evolve. At 1115 UTC,
stronger updrafts occur in the AERO simulation (not
shown here) and additional moisture is transferred to
the lower troposphere, followed by a convergence line up
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F I G U R E 9 Time series of water vapor (together
with horizontal wind vectors in black) for (a,b) a grid
cell close to Al Ain and (c,d) a desert grid cell west of Al
Ain. The locations are denoted in Figure 5c and the
temporal resolution is 15 min
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(b) AERO_YSU

(c) AERO

(d) AERO_YSU
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to 2,000 m ASL, which is not visible in the AERO_YSU
simulation. The sudden drying between 500 and 2,500 m
AGL is caused by a northwesterly flow carrying overlying
drier air masses from the Arabian Gulf toward the desert,
overcompensating for the southerly flow from the Saudi
Arabian heat low.

Currently it is difficult to evaluate the quality of the ver-
tical structures of temperature, moisture, and wind due to
the unavailability of high spatial and temporal resolution
atmospheric profiler data like differential absorption lidar
and Raman lidar instrumentation (Hammann et al. 2015;
Späth et al. 2016).



SCHWITALLA et al. 859

(a) AERO

(b) AERO_YSU

0000 0215 0430 0645 1115 1330 1545 18000900

0000 0215 0430 0645 1115 1330 1545 18000900

F I G U R E 10 Similar to
Figure 9a,b, but for the gradient
Richardson number Ri. White areas
indicate turbulence regions

6.4 CAPE and CIN

Additionally, the mean values of Convective Available
Potential Energy (CAPE) and Convective Inhibition (CIN)
were investigated. Figure 11, as an example, shows the
averaged most unstable CAPE (CAPE_MU) and CIN
(CIN_MU) values over the UAE and Al Hajar moun-
tains between 0600 and 0945 UTC for the AERO and
AERO_YSU simulations. This time period was chosen, as
it shows the situation before and at the beginning of con-
vective activities. MU_CAPE and MU_CIN are based on
a particle ascending from the most unstable model level
from the lowest 180 hPa above ground, i.e. the parcel with
maximum buoyancy is used for the CAPE calculation.

The mean CAPE value of the AERO simulation
averaged over the domain shown in Figure 11a is
90 J⋅kg −1 higher than that in the AERO_YSU simula-
tion (439 J⋅kg −1), while at the same time the CIN of the
AERO simulation is around 40 J⋅kg −1 lower than that in
the AERO_YSU simulation (193 J⋅kg −1). The differences
are most pronounced over the desert regions of Oman
and the UAE. This points toward a more stable atmo-
spheric stratification in the AERO_YSU simulation and
thus a stronger inhibition of convection reflected in the

time–height cross-sections shown in Figure 9 and the pre-
cipitation patterns shown later (in Figure 15).

A brief comparison with the MSG-derived global insta-
bility index at various time steps revealed an underesti-
mation of the particle lifted index (LI: Blanchard, 1998),
mainly over the eastern UAE desert, compared with the
WRF simulations. The Meteosat satellite data product
indicates a LI of less than −6 K, whereas AERO and
AERO_YSU simulate more stable LI values of around
−3 K.

6.5 Cloud development

To study the cloud development, the WRF simulations
were compared with CWP observations provided by
CLAAS. Figure 12 shows frequency histograms between
0600 and 1300 UTC of the CONTROL, AERO, AERO_YSU,
and WDM6 simulations compared with the CLAAS obser-
vations. Data are averaged between 21◦N–26.8◦N and
53.8◦E–59.5◦E. Please keep in mind that CWP observations
are only available during daylight.

Compared with the CM–SAF observation, the WDM6
simulations shows the least cloud liquid water path, while
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F I G U R E 11 Mean CAPE
(upper row) and CIN (lower row)
between 0600 and 0945 UTC. Left
column: AERO simulation. Right
column: AERO_YSU simulation

the CONTROL experiment simulates more clouds inside
the model domain. For the case in which aerosol clima-
tologies are included and the aerosol-aware Thompson
scheme (Thompson and Eidhammer, 2014) is applied, the
distribution is closer to the observed distribution. If the
MYNN PBL scheme is replaced by the YSU PBL scheme,
the model simulation is even closer to the observation
in terms of cloud liquid water. In contrast to the simula-
tion with the Thompson scheme, the WDM6 microphysics
generates too many ice clouds at higher altitudes, which
do not transform into precipitation.

All simulations start to develop clouds after 0700 UTC
over the Al Hajar mountains (Figure 13). The further

diurnal cycle is well captured by all experiments, while
the amount of cloud liquid water is overestimated in all
simulations. During the afternoon, the observed cloud
water amount is higher than simulated, with the WDM6
simulation showing the least cloud water amount. The
highest values of the AERO simulation between 1000
and 1100 UTC can be related to strong isolated precip-
itation events (see later in Figure 15c). Although the
WDM6 simulation shows the least CWP content over
the UAE and Al Hajar mountains (Figure 12), two iso-
lated cloud cells with very high CWP values are sim-
ulated, increasing the mean CWP between 0800 and
1100 UTC.
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F I G U R E 12 Frequency
histogram of the mean CWP between
0600 and 1300 UTC of the different
simulations and the observation. Date
are averaged between 21◦N–26.8◦N
and 53.8◦E–59.5◦E

Even if it is only a small member ensemble, simple
probability maps for cloud-seeding applications can be
derived. The probabilities were derived in the following
way. Following Kniffka et al. (2014), a cloud is present in
the model if CWP ≥ 0.05 mm. If this is true for a model
grid box, then this grid box is assigned a value of 1. This
procedure is performed for each time step and each ensem-
ble member. The resulting mask field is summed up and
divided by the number of ensembles, so that a probability
can be derived.

Figure 14 shows the model probability for cloud devel-
opment at three different time steps (left column) and

the corresponding CM–SAF CWP observations (right col-
umn). At 0700 UTC, none of the models simulates any
clouds over the UAE, while the observation shows haze or
low stratus clouds near the east coast of the UAE, which
is a common feature during wet conditions (Aldababseh
and Temimi, 2017). At 0900 UTC, the models show a high
probability for clouds over the Al Hajar mountains, which
is well in accordance with the observations. The model
simulations even show a probability for clouds at the bor-
der between the UAE and Saudi Arabia, which appears
to be a well known feature during summer (Figure 2
and Steinhoff et al., 2018). During the mature stage of
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the convection around 1100 UTC, the model simulations
show a high probability for clouds slightly west of the
Al Hajar mountains, while the observations show clouds
directly over the mountains. This shift could be due to
the applied model resolution, which still might not be
high enough to simulate the convergence at the correct
location.

6.6 Precipitation

Figure 15 shows the accumulated precipitation on 14 July,
2015. All WRF configurations do not simulate any pre-
cipitation and clouds beyond 1500 UTC, so that it is a
valid approach to compare the simulations with the daily
CHIRPS V2 data set.

The CHIRPS V2 data show moderate precipitation
of up to 7 mm east of Al Ain, west of Hatta and near
Dubai. The precipitation locations are in accordance with
observations from the NCM precipitation radar network
(not shown). While there is very little precipitation in the
CONTROL simulation in these regions, the AERO sim-
ulation enhances the precipitation amount over the Al
Hajar mountains with a similar maximum, but misses the
precipitation event around Hatta and Dubai. As the only
difference between both simulations is the application of
water- and ice-friendly aerosols, they apparently help to
enhance cloud and precipitation development. Interest-
ingly, the AERO_YSU simulation shows less precipitation
compared with the AERO simulation, although higher val-
ues of CWP are simulated. As shown in Figure 11, the
lower (higher) amount of CAPE (CIN), compared with the
AERO simulation, tends to inhibit more severe convection.

The WDM6 experiment simulates a spot of about 15 mm
on the Omani side of the Al Hajar mountains southeast of
Al Ain, which is a lot more than observed, caused by an
isolated single strong updraft. The N_AERO_YSU exper-
iment is not shown, as there is almost no precipitation.
This again points toward a benefit of applying at least an
aerosol climatology combined with the Thompson cloud
microphysics scheme.

7 SUMMARY

This study investigated the potential of the WRF model
to represent summertime convection over the UAE on
July 14, 2015. The WRF model has been operated as a
five-member physics ensemble at a convection-permitting
resolution of 2.7 km with a dense vertical grid. The
common set of physics parametrizations has been
altered by applying the nonlocal YSU PBL scheme,
the MYNN level 2.5 PBL scheme, the Thompson cloud
microphysics scheme, the Thompson aerosol-aware
cloud microphysics scheme, and the WDM6 2-moment
cloud microphysics. The model results were validated
against surface observations from NCM and MSG satel-
lite products, as well as CHIRPS V2 gridded surface
precipitation.

Over the desert regions of the UAE, the diurnal cycle
of 2-m temperatures shows almost no systematic differ-
ence during daytime, while a negative bias is observed
during the morning and evening transition. The differ-
ences present during the transition periods cannot be fully
explained, but were also observed in a study of Fekih and
Mohamed (2017) over the Algerian desert.
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F I G U R E 14 Cloud probability maps derived from the model ensemble at 0700, 0900, and 1100 UTC (left column) and the
corresponding CM–SAF observations



864 SCHWITALLA et al.

F I G U R E 15 Accumulated precipitation on July 14, 2015, from (a) CHIRPS V2, (b) CONTROL simulation, (c) AERO, (d) AERO_YSU,
and (e) WDM6 simulation

Interestingly, the mean 2-m dewpoint temperature
over the western UAE follows the observations, showing
correlations above 0.85. The RMSE is very similar in all
simulations and shows only minor deviations during the
whole day.

Considering the gradient Richardson number Ri
(Figure 10), it appears that the MYNN PBL starts to spin
up turbulence inside the PBL about 30 min earlier than the
YSU PBL scheme. Also, the mixing appears to be stronger
in the AERO simulation, as indicated by the higher wind
velocities inside the PBL (Figure 9). Due to the lack of
measurements, it is difficult to evaluate the individual
performance of the different schemes. However, this can

be overcome by the installation of a lidar network and
flux measurements to complement each other in future
(Wulfmeyer et al. 2018).

Simulations applying the MYNN PBL scheme predict
stronger instabilities represented by higher (lower) values
of CAPE (CIN) over the UAE, compared with simulations
with the YSU PBL scheme.

A common challenge of all simulations is the sim-
ulation of clouds. Over the largest part of the model
domain, the amount of CWP is underestimated, especially
by the WDM6 simulation (Figure 12). The experiment with
WDM6 microphysics simulates almost no liquid water
clouds (Figure 12e), also reflected in the SWDOWN flux
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fields (Figure 7e), with the best results obtained by the
AERO simulation. Instead of liquid water clouds, the
WDM6 simulation simulates a lot of thin ice clouds with
integrated ice path (IWP) values of around 100 g⋅m−2

over the mountains, having very little effect on radiation.
The main IWP contribution comes from altitudes between
4,700 and 5,500 m, which is the top of the PBL (Figure 9)
and, according to the 1200 UTC radio sounding from Abu
Dhabi, slightly above the level of free convection and the
zero degree height.

Nevertheless, the diurnal cycle and the onset of convec-
tion over the Al Hajar mountains are well captured by all
experiments. The application of a water- and ice-friendly
aerosol climatology supports the cloud development, also
with respect to more dense clouds. In the case in which the
MYNN PBL scheme is replaced by the YSU PBL scheme,
the model tends to produce more shallow clouds, which is
also confirmed by the lower SWDOWN fluxes, especially
as shown in the desert regions (Figure 7), associated with
a negative SWDOWN bias of 30 W⋅m−2 compared with the
AERO simulation.

From our results, it is valid to say that, for this partic-
ular case study, the application of water- and ice-friendly
aerosols in combination with an aerosol-aware cloud
microphysics and MYNN PBL is the most suitable combi-
nation to simulate convection over the UAE.

It is also shown that even a small physics ensemble is
able to simulate the preconvective and convective environ-
ment reasonably. This will help to increase the reliability
of potential cloud-seeding applications over the UAE.
Future work will include a refinement of the ensemble
design by adding more members, by not only changing
the applied physics scheme but also varying parameters
like surface roughness length, aerosol concentrations, or
mixing length-scales. To enhance the process understating
further, more summertime case studies and the applica-
tion of variational data assimilation procedures have to
be considered. This will help to further enhance process
understanding and the understanding of the predictability
of clouds and precipitation for cloud-seeding applications.
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