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ABSTRACT: The present study explores the mechanism governing wintertime (November–April) precipitation over the
Arabian Peninsula (AP) using a 17-yr-long (2002–18) high-resolution WRF simulation. The composite analysis of strong
precipitation events suggests that the equatorward extension of the upper-level jet together with the embedded upper-level
trough creates a positive (cyclonic) midlevel vorticity and subsequently generates an anomalous lower-level convergence
through Ekman pumping. This leads to the development of an anomalous surface low, which is further enhanced in the
presence of the existing Red Sea trough over the AP. This surface low weakens the persistent anticyclone over the AP,
shifting it further eastward to the Arabian Sea. The eastward shift in the lower-level anticyclone contributes to the trans-
port of warm, moist air from the Arabian Sea and the Red Sea toward the AP. This warm, moist air converges with the
cold and dry air advected by the midlatitude jet and creates a moisture convergence zone, leading to the initiation of con-
vection. We test the proposed mechanism through numerical experiments with modified upper-level wind and demonstrate
that a strong, southward intrusion of the jet can indeed lead to precipitation over the AP. The above mechanism also ex-
plains the interannual variability of precipitation over the AP. During wet years, we notice approximately 3 m s21 stronger
jet core magnitude and about a 28 equatorward shift of the jet compared to dry years. While the equatorward extension of
the jet explains about 21% of the interannual variability, the jet magnitude explains around 7% of the variability during
wet years.

SIGNIFICANCE STATEMENT: Understanding the mechanism governing rainfall variability is crucial for the arid
Arabian Peninsula. We conducted 17-yr (2002–18) high-resolution simulations using the WRFModel to understand the
rainfall variability and the model’s ability to capture rainfall patterns. We propose a mechanism behind winter–spring
(November–April) season precipitation over the Arabian region and its connections with the subtropical jet. The re-
sults reveal that an equatorward shift of the jet is associated with above-normal rainfall over the Arabian Peninsula.
Our study has identified a new pathway through which the subtropical jet’s location influences rainfall patterns over
this region. This finding assumes significant importance, especially considering the anticipated changes in the subtropi-
cal jet’s position in a warmer climate.

KEYWORDS: Jets; Precipitation; Regional models; Interannual variability

1. Introduction

The Arabian regional climate consists of various landscapes,
from high orography (Zagros Mountains) in the north to the in-
terior’s vast arid lands, including the dunes. It is also surrounded

by several water bodies (Red Sea, Arabian Sea, and the Arabian
Gulf). While the climate of the Arabian Peninsula (AP) is
characterized by high temperatures and low precipitation
amounts, annual cycles remain pronounced, with maximum
winter precipitation (November–April) and minimum sum-
mer (May–October) rainfall. Previous studies have noted
that wintertime precipitation is much stronger than summer
season precipitation and covers most of the Middle East re-
gions (e.g., Almazroui et al. 2012; Taraphdar et al. 2021). The
primary precipitation band in winter lies over the Zagros
Mountains, extending to the AP. The mountainous regions
typically receive more precipitation than low-elevation bar-
ren areas. The winter precipitation is mainly modulated by
the synoptic-scale systems from the Mediterranean (Kumar
et al. 2015; de Vries et al. 2016, 2018; Patlakas et al. 2019;
Tuel et al. 2022).
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High-resolution regional climate modeling studies focusing
on the AP are limited to understanding the precipitation dis-
tributions and variabilities over the region. Studies related to
the sensitivity of domain size, physical parameterizations, and
regional boundary forcing in current climate conditions, fol-
lowed by downscaling of temperature and precipitation in the
present and future climate, have been performed over the AP
using the RegCM4 model at about 50-km horizontal grid
spacing (Almazroui 2011, 2012, 2016). While this resolution
might be adequate to capture the large-scale dynamical fea-
tures, finer grid spacing is needed to understand the detailed
small-scale precipitation distribution or to resolve the precipi-
tation processes (Evans et al. 2004; Jing et al. 2017). With the
improvement in computational power, higher resolution
event-based (Gopalakrishnan et al. 2023; Francis et al. 2021;
Armon et al. 2020; Fonseca et al. 2020; Schwitalla et al. 2020)
and regional climate simulations over the AP (Hussain and
Broeke 2015; Patlakas et al. 2019; Attada et al. 2020; Jing et al.
2020; Taraphdar et al. 2021; Attada et al. 2022) have been per-
formed in recent years.

Sensitivity experiments on the impact of different cumulus
parameterization schemes on simulating winter precipitation
events over the AP found that the Kain–Fritsch scheme out-
performs other schemes (Attada et al. 2020, 2022). However,
convection-permitting models that explicitly resolve deep con-
vection without using convective parameterizations have the ad-
vantage of avoiding error-prone convection parameterizations
(Liu et al. 2017; Jing et al. 2017; Wang et al. 2018; Rasmussen
et al. 2020). Jing et al. (2020) demonstrated the improved skill of
convection-permitting (grid spacing of 5 km or finer) models
over coarser-grid regional models in the Middle East region.
However, convection-permitting simulations are computa-
tionally expensive for large domains and for long simulation
periods; hence, they might only be affordable for a few climate
research communities.

In atmospheric models, horizontal grid spacing between 3 and
10 km is referred to as gray-zone resolution (Pauluis and Garner
2006; Taraphdar et al. 2014; Chen et al. 2018; Taraphdar et al.
2021; Taraphdar and Pauluis 2021). Using the Weather Re-
search and Forecasting (WRF) Model, Taraphdar et al. (2021)
demonstrated that a gray-zone resolution model (horizontal grid
length of 9 km) can achieve comparable skill to a convection-
permitting model by choosing suitable model physics packages
for the synoptic- and mesoscale precipitation, specifically for
winter season precipitation. They performed several single-
year-long simulations with different configurations of the WRF
Model over the Middle East in general and the United Arab
Emirates specifically to evaluate the model’s ability to capture
temporal and spatial distributions of precipitation. In the current
study, we extend Taraphdar et al. (2021) to the analysis of a
17-yr-long WRF simulation in current climate conditions to un-
derstand its merit and limitation of gray-zone resolution before
starting the future climate simulation.

Further, we also aim to understand the governing mecha-
nism behind the winter season precipitation in the AP. The AP
is located at the intersection of the tropics and midlatitude re-
gions, making it an ideal testbed for studying tropics–midlatitude
interactions. An important circulation feature connecting the

tropics and midlatitudes is the westerly jet stream (Wei et al.
2017). Westerly jet streams are upper-level circulation systems
in the midlatitude, and they provide unstable environments due
to their intense horizontal and vertical wind shears (Held 1975;
Li and Wettstein 2012). During boreal winter, three subtropical
jet cores exist in the extratropical westerlies in the Northern
Hemisphere (Wei et al. 2022). The Middle East jet stream
(MEJS) is a prominent branch of the subtropical jet stream with
its center located north of the AP at about 308N (Wei et al.
2022; Ren et al. 2022). A stronger and southeastward-shifted
MEJS (hereafter jet stream) relative to the climatological condi-
tion frequently allows European cold air to intrude into the Mid-
dle East region, promoting the occurrence and intensification of
precipitation therein (de Vries et al. 2018; Atif et al. 2020).

Several past studies have investigated wintertime precipitation
patterns across the Middle East region and have highlighted the
importance of the interaction between midlatitude and tropical
systems as a facilitating factor for these precipitation events (de
Vries et al. 2013; Kumar et al. 2015; de Vries et al. 2016, 2018;
Saeed and Almazroui 2019; Al-Nassar et al. 2020; Atif et al.
2020; Horan et al. 2023). A southward shift in the upper-level jet
was also found to be favorable for enhanced wintertime rainfall
(Kumar et al. 2016; Sandeep and Ajayamohan 2018) and dust
storms (Alsubhi et al. 2023) over the AP. Kumar et al. (2015) ex-
amined an ensemble of extreme events over the central AP and
found that, associated with potential vorticity intrusions, mois-
ture buildup starts on average 8 days before the heavy rainfall
event. They also noted cyclonic wind anomalies in the upper
and lower levels, which they attributed to Rossby wave prop-
agation. de Vries et al. (2016) examined three extreme rain-
fall events in the AP, showing that those events were initiated
by midlatitude forcing through an upper-level trough intrusion
into low latitudes. They also argued that tropical–extratropical
interactions facilitated the moisture transport to the AP. A few
previous studies have investigated the role of circumglobal wave
trains on extreme rainfall events in the AP (e.g., Saeed and
Almazroui 2019; Atif et al. 2020). For example, Atif et al.
(2020) observed that a wave-like circumglobal wave train pat-
tern enhances midlevel cyclonic activity and favors upper-level
divergence through the jet stream. Further, anomalous low pres-
sure in the lower troposphere over Saudi helps bring in warm,
moist air from the Red Sea and the Arabian Sea, leading to
extreme events. Alizadeh et al. (2021) analyzed the upper-
tropospheric Rossby wave activity and its role in precipita-
tion over the AP on a monthly time scale. They observed an
above-normal Rossby wave activity over the Red Sea region in
wetter months. Moreover, the Red Sea trough (RST) extended
northward during this period, contributing to the rainfall occur-
rence and enhancement in the eastern Mediterranean, northeast
Red Sea, and some parts of Saudi Arabia.

Several studies have identified the crucial role of the inter-
action between tropical and extratropical systems in the gene-
sis of wintertime rainfall events in the AP and reported that
the moisture required for these types of rainfall events is gen-
erally transported from the Red Sea and the Arabian Sea. How-
ever, a complete picture of the entire chain of events leading to
wintertime precipitation events in the region is still not clear.
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Moreover, the relative contribution of the strength and position
of the jet stream have not been clearly quantified.

This study is part of an overarching project to develop an
efficient regional climate model for the AP that realistically
captures the winter season precipitation distributions. Work-
ing toward this goal, we address two specific objectives in this
study: (i) to understand the biases in high-resolution WRF for
regional climate model applications over the AP and (ii) to ad-
vance our knowledge of the role of the jet streams in wintertime
precipitation events in the AP. Unlike most of the previous stud-
ies, which have primarily focused on diagnostic analyses, we aim
to test our hypothesis and demonstrate the causal relationship of
jet streams to rainfall using numerical experiments. We also ex-
plore whether the proposed mechanism can explain the interan-
nual variability in wintertime precipitation over the AP.

2. Numerical design, methodology, and verifications

a. Model configurations

The nonhydrostatic WRF Model, version 4.1.2 (Skamarock
et al. 2019), is used in the present study with a single model do-
main (481 3 361 grid points) covering 7.58–398N and 308–788E
(Fig. 1) at 9-km horizontal grid spacing. There are 45 stretched
vertical levels from the surface to the model top at 10 hPa.
Taraphdar et al. (2021) identified the model’s horizontal and
vertical resolution through a series of sensitivity experiments,
and the best configuration is used in the current manuscript.
This domain extends over the AP and the central part of the
Arabian Sea, part of western India in the east, and part of east-
ern Africa in the far west. We have tested three subregions of
different sizes over the domain to quantify the model’s perfor-
mance against observations or reanalysis. The black box (2083 208;
region 1) in Fig. 1 covers the major precipitation distribution
over the Middle East area (408–608E and 178–378N), including
part of the Zagros Mountains, the Arabian Gulf, and also part
of the Arabian Desert. Region 2 (red box; 208 3 108) covers
most of the AP (408–608E and 178–278N), excluding the Zagros
Mountains. The third box (58 3 48; region 3) mainly covers the
United Arab Emirates, including part of the coastal Arabian
Gulf (528–578E and 238–268N), the region of our interest.

The physical parameterizations used in the current study fol-
low Taraphdar et al. (2021), the best suitable configuration over
this region. The cloud microphysical processes are parameter-
ized by the aerosol-aware Thompson–Eidhammer scheme
(Thompson and Eidhammer 2014). This scheme has six clas-
ses of hydrometeors and uses a double-moment representa-
tion for warm rain. The boundary layer is parameterized by the
quasi-normal scale elimination (QNSE) scheme (Sukoriansky
et al. 2005), a local closure scheme that includes turbulent kinetic
energy as a prognostic variable. The QNSE PBL is tied to its
surface layer scheme. The Noah land surface model with multi-
parameterization options (Noah-MP) (Niu et al. 2011) repre-
sents land surface processes and land–atmosphere interaction.
Atmospheric radiative heating is calculated by the Rapid Radia-
tive Transfer Model (Iacono et al. 2011) schemes for longwave
and shortwave radiation. Our model configuration does not use
any parameterization for deep convection but depends on the

resolved dynamics to capture the impact of convective activity
(Pauluis and Garner 2006; Satoh et al. 2014; Taraphdar and
Pauluis 2021; Taraphdar et al. 2021).

The lateral boundary and the sea surface temperature are
updated every 3 h using ERA5 reanalysis at around 31-km
horizontal grid length (Hersbach et al. 2020). The WRF simu-
lation was initialized at 0000 UTC 1 January 2002 and inte-
grated for 17 years ending at 0000 UTC 1 January 2019 to
capture the interannual evolutions. Spectral nudging is used
for the first 5 days only to relax the horizontal wind with a me-
ridional wavenumber 0–2 and zonal wavenumber 0–4 to con-
strain the large-scale flow and convergence in the domain and
to allow for the mesoscale to saturate in the spectral space
(Zhang et al. 2017; Taraphdar et al. 2021).

b. Model evaluation and observational datasets

For comparison and evaluation of our experiments, we used
3-hourly observed rainfall from the Tropical Rainfall Measuring
Mission (TRMM) 3B42, version 7, and Climate Hazards Group
Infrared Precipitation with Station (CHIRPS-2.0; Funk et al.
2015) data, and ERA5 reanalysis for circulation, temperature,
and moisture fields. The TRMM 3B42 dataset provides 3-hourly
precipitation at a grid resolution of 0.258 3 0.258. The TRMM
dataset may underestimate light rainfall contributions, as earlier
studies suggested (Iguchi et al. 2000; Schumacher and Houze
2000; Nesbitt and Zipser 2003). However, TRMM 3B42, V7,
outperformed its predecessors when compared against observed
rain gauge data over arid environments (Milewski et al. 2015),

FIG. 1. The model domain with underlying terrain heights (m;
shaded). The black box indicates a large area over the Middle East
region (region 1: 408–608E and 178–378N), while the red box (re-
gion 2: 408–608E and 178–278N) depicts mostly the AP and the or-
ange box covers mostly the United Arab Emirates and surround-
ings (region 3: 528–578E and 238–268N). Five station observation
sites from the National Center for Meteorology (NCM) at the
United Arab Emirates are shown by the numbers one to five
within the orange box.
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being the best long-term observational precipitation estimate for
evaluating the precipitation in the Arabian Gulf region accord-
ing toWehbe et al. (2018).

The CHIRPS dataset builds on previous approaches of
“smart” interpolation techniques and high-resolution long pe-
riod of record precipitation estimates based on infrared cold
cloud duration (CCD) observations (Willmott and Matsuura
1995). The algorithm builds a 0.058 climatology incorporating
satellite information to represent sparsely gauged locations. It
includes daily, pentad, and monthly 1981–the present 0.058
CCD-based precipitation estimates and blends station data to
reproduce a preliminary information product with a latency
of about 2 days and a final product with an average latency of
about 3 weeks. This product is available for precipitation esti-
mates at the highest spatial resolution (about 5 km) but only
over land.

Six rain gauge station data from major airports in the
United Arab Emirates are available for model evaluation (see
Fig. 1). However, we used data only from five stations since
there is a quality issue with the Sharjah station data specifically
for lighter rain rates. Although the rain gauge datasets are avail-
able only for five stations, they reflect the spatial variability and
provide ground truth for precipitation evaluation because of their
higher accuracy than satellite retrievals (Liu et al. 2017), particu-
larly in the case of the Arabian Gulf region (Wehbe et al. 2017).
Besides comparing and evaluating our simulation with observa-
tions, we also analyzed the dynamical (e.g., moisture convergence,
moist static energy, etc.) and thermodynamical (e.g., temperature,
precipitable water, cloud fraction, etc.) diagnostics in detail to un-
derstand the model biases with respect to reanalysis.

c. Methodology

1) IDENTIFICATION OF PRECIPITATION EVENTS OVER

THE AP

We first computed a daily time series of precipitation over
the AP (408–608E and 178E–278N) during the winter season
(November–April) for the 2002–18 period. Figure S1A in the
online supplemental material shows an example for the sea-
son from November 2003 to April 2004. The red dashed line
indicates the winter season mean precipitation averaged over
the 17-yr period. We identified the event when the precipita-
tion was higher than the winter season mean values and per-
sisted for at least 3 days. From Fig. S1A, one can identify four
precipitation events; out of them, two events are very strong
(early December and late April). Similar procedure is applied
for all 17 years and to the TRMM 3B42 data and WRFModel
outputs. It is also clear that the events are well separated from
each other. Following the above procedure, we identified 73 (68)
winter season precipitation events from WRF output (TRMM
3B42) for the 17-yr period. We also changed the threshold from
3 to 5 days, resulting in a reduction of event to 43 (40) in WRF
(TRMM 3B42) precipitation, respectively. Nonetheless, the re-
sults remain consistent and emphasize only the stronger events.

2) IDENTIFICATION OF UPPER-LEVEL JET

The daily wind magnitudes averaged between 400 and 100
hPa over the AP (408–608E) during the winter season (i.e.,

November–April) are calculated first. This gives a time series
of jet magnitudes for all 17 years, which is then averaged to
obtain the 17-yr mean climatological jet profile as a function
of latitude (Fig. S1B). From the climatological jet profile, the
magnitude of the jet core and the corresponding latitude
are determined. Additionally, the standard deviation of the jet
core location is computed from the daily jet profiles for 17 years.
The northern and southern limits are then defined as 61 stan-
dard deviation of the climatological jet locations, respec-
tively. The red (blue) dashed line in Fig. S1B shows the jet
southern (northern) extension, respectively. The jet width is
estimated as the distance between the southern and the
northern extensions of the jet. Further, the daily values of jet
magnitude, jet locations, jet width, and jet boundaries are
converted to pentad data for the 17-yr winter periods.

3) IDENTIFICATION OF WET AND DRY YEARS OF

PRECIPITATION OVER THE AP

The normalized precipitation anomaly over the AP is com-
puted to identify the wet and dry years. First, the area (408–608E
and 178E–278N) and time (winter season) averaged precipitation
are calculated for each year from 2002 to 2018 and the climatol-
ogy for these 17 years. Since the interannual evolution of rain in
WRF, TRMM 3B42, and CHRIPS is highly correlated, stronger
and weaker precipitation years are similar between the two
observations and the WRF simulation. Further, the normal-
ized anomaly (with respect to standard deviation) for each
year is computed relative to its climatology. This gives a se-
ries of normalized precipitation anomalies, and years with
values higher/lower than 11/21 standard deviation signify
wet and dry years, respectively.

3. Results and discussion

a. Climatological mean and intraseasonal distribution of
precipitation and circulation

The annual averaged climatological (2002–18) precipitation
distribution from TRMM 3B42, CHIRPS, and WRF simula-
tion is compared in Fig. 2. The spatial distributions of precipi-
tation are very similar in the observational products. WRF
can capture the spatial pattern of rainfall in agreement with
both observations. The primary precipitation band is over
the Zagros Mountains, presumably associated with orographic
enhancement, and extends over the Arabian Gulf, Saudi Arabia,
and the United Arab Emirates. Compared to both observations,
WRF overestimates the orographic rain (Figs. S2A,C) and
is closer to the observations in the rest of the domain, spe-
cifically over the United Arab Emirates. The percentage
departures of WRF precipitation from observations are
pronounced (Figs. S2B,D), revealing more detailed struc-
tures over low-elevation areas. In general, AP shows a mix
of positive and negative percentage departures. Specifically,
the topographical regions have larger positive deviation com-
pared to low-elevation areas. Similar findings are also no-
ticed in the UAE regions, where the eastern part of the country
(Al Hajar Mountain regions) suffers substantial wet biases
(Figs. S2B,D).
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Toquantify theWRFprecipitationwith respect to the different
observations, the probability distribution function (PDF) of aver-
aged daily rainfall is computed over the three regions. Figure 2d
shows that WRF systematically overestimates the precipitation
in all categories greater than 0.2 mm day21 over the Middle
East region and agrees with the wet biases over Zagros Moun-
tains (Figs. S2A,C). TheWRFModel performs relatively better
over region 2 (AP), showing marginal overestimation of light
rain below 1 mm day21 (Fig. 2e). However, it offers a very
similar pattern to observations in higher rain-rate categories
(.1 mm day21). Model performance improves over region 3
(i.e., United Arab Emirates), indicating that WRF rainfall
closely follows TRMM 3B42 and CHIRPS observations in al-
most all the precipitation categories (Fig. 2f). This improve-
ment in WRF precipitation in all categories is likely due to
the cancellation of wet biases over land and dry biases over

the ocean in region 3 (Fig. S2B). We note that the difference
in precipitation PDF between the two observation datasets
is probably due to the unavailability of CHIRPS data over
the oceanic region. Consistent with the precipitation PDF,
annual average rainfall over the three regions suggests wet
biases in WRF over region 1 (i.e., 63.7 and 60 mm yr21 com-
pared to TRMM and CHIRPS; Fig. 3a). The annual precipi-
tation biases are reduced for the UAE regions (Figs. 3b,c).
Over the United Arab Emirates, mean annual rainfall for the
17 years is highly consistent between TRMM 3B42 and WRF
(TRMM 5 92.56 mm yr21; WRF 5 88.47 mm yr21) but some-
what differs from CHIRPS (70.56 mm yr21) possibly because of
the unavailability of precipitation data over the oceanic regions.
The monthly rainfall (Fig. 3) displays a distinct seasonality for all
three regions, with more rain from November to April (wet/
winter season) and less rain from May to October (dry/summer

FIG. 2. The spatial distribution of annual averaged precipitation (mm day21) from (a) TRMM 3B42 observation,
(b) CHIRPS observation, and (c) the WRF simulations at 9-km resolution. The probability distribution of precipita-
tion over (d) region 1 (Middle East), (e) region 2 (AP), and (f) region 3 (UAE).
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season). WRF realistically captures this seasonality with some
notable biases.

WRF performance relative to the five rain gauge observa-
tions across the United Arab Emirates was further analyzed.
The annual precipitation is mainly dominated by the winter sea-
son, and WRF has wet biases in all the station locations (figure

not shown). To identify the precipitation categories responsible
for these annual biases, we computed the WRF rainfall PDF at
each station location and compared it with the rain gauge data
and TRMM 3B42 (Fig. 4). The rain gauge data and TRMM
3B42 show significant differences in precipitation distribution in
the lighter to moderate rain categories in all the stations except

FIG. 3. (a) The climatological (2002–18) monthly precipitation (mm month21) over the Middle East region
(408–608E and 178–378N). (b),(c) As in (a), but over the AP (408–608E and 178–278N) and the UAE region (528–578E
and 238–268N), respectively.
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for Al Ain (Fig. 4b). Regardless, WRF exceeded the lighter and
moderate rainfall (0.5–3 mm day21) at all station locations ex-
cept Abu Dhabi (Fig. 4), leading to a higher annual mean pre-
cipitation in WRF compared to station data.

The winter season contributes almost 70% of the total annual
precipitation over most regions north of 208N (Figs. S3A–C),
likely related to the activity of Mediterranean synoptic-scale
systems (Kumar et al. 2015; de Vries et al. 2016, 2018; Patlakas

FIG. 4. The probability density of daily pre-
cipitation (mm day21) from the NCM rain
gauge observation (green line), TRMM 3B42
(red line), and the WRF simulation (black
line) over the five station locations across the
United Arab Emirates, e.g., (a) Abu Dhabi,
(b) Al Ain, (c) Dubai, (d) Ras Al Khaimah,
and (e) Fujairah, respectively.
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et al. 2019). Summer precipitation contribution is much
weaker over the Middle Eastern area, and the precipitation
band south of 208N is mainly related to the seasonal modula-
tion of the intertropical convergence zone (Figs. S3D–F). WRF
simulation can capture these seasonal precipitation variations
(Figs. S3C,F), and their large spatial contrasts, giving us fur-
ther confidence in using the WRF simulation to investigate
the mechanisms that drive the precipitation spatiotemporal
variability.

Figures 5a and 5d compare the spatial distribution of winter
season precipitation from TRMM 3B42 observation and
17 years of WRF simulation, both showing large meridional
gradients and decreasing from the north toward the south.
The winter season displays an apparent lower-level anticyclone
over the Middle East (Fig. 5b), corresponding to a high pressure
system over the region and a strong upper-level jet centered
around 288N (Fig. 5c). Similar seasonal patterns in precipitation
(Fig. 5d) and circulation are seen in WRF simulation (Figs. 5e,f),
demonstrating the skill of the WRFModel in representing major
observed climatological characteristics.

b. Role of the upper-level subtropical jet on the
intraseasonal precipitation variations

Due to the dominant contribution of winter precipitation
(70% of annual rainfall) and the substantial differences in
circulation patterns between winter and summer (figures not
shown), we focus only on the winter as our representative
season to understand the mechanism of precipitation variabil-
ity. Since winter precipitation events are related to Mediterra-
nean synoptic-scale systems, we first identify the passages of
synoptic systems during winter over the AP in both the WRF
simulation and observations (i.e., ERA5 and TRMM 3B42).
From the 17 years of data, we identified 73 (68) winter season
precipitation events in WRF (observations), with details given
in methodology section 2c(1). In addition, we converted all the
daily data into pentad data for facilitating our analysis of
synoptic-scale processes. The pentad data identify the zeroth
pentad when the precipitation band reaches the northern AP,
including parts of the Arabian Gulf and surrounding northern
United Arab Emirates (508–558E and 248–268N). Further, all
the events are composited from two pentads earlier (i.e.,
pentad 22) to one pentad later (i.e., pentad 11), and all the
large-scale thermodynamical and dynamical parameters are di-
agnosed to understand the precipitation mechanism.

The composited pentads (two pentads earlier to one pentad
later) of the anomalous (with respect to the 17-yr climatology)
rainfall, upper-level (400–100 hPa) wind, midlevel (700–400 hPa)
vorticity, 850-hPa geopotential height, column-integrated precip-
itable water, and lower-level (surface–850 hPa) moist static en-
ergy are shown in Fig. 6, respectively. Precipitation first appears
over the northwest corner of the domain (i.e., the Mediterra-
nean region) two pentads earlier [Fig. 6a(1)] and subsequently
propagates eastward and merges with another branch of precipi-
tation from the Red Sea and the Arabian Sea by the zeroth pen-
tad [Fig. 6a(2)]. The time evolution of the rain pattern confirms
that it is highly related to the propagation of the Mediterranean

weather system and its interactions with the tropical air mass
from the Red Sea and the Arabian Sea.

To understand this precipitation mechanism, the upper-
level atmospheric dynamics is examined. The upper-level jet
is observed to strengthen in the northern part of the domain
two pentads earlier [pentad 22; Fig. 6b(1)] and then intensify
further and moved southward one pentad earlier [pentad 21;
Fig. 6b(2)], ultimately resulting in a stronger organized jet
that reaches the AP at pentad zero [Fig. 6b(3)]. One pentad
later (pentad 11), the jet weakens and moves northward
away from the AP Fig. 6b(4)]. Associated with the upper-level
jet, midlevel positive vorticity is also seen over the northwest
sector of the jet (Fig. 6c) in all of the four pentads. This midle-
vel positive vorticity creates a lower-level convergence via the
Ekman pumping to its south. This lower-level convergence is
reflected as a lower-level negative geopotential height anomaly
at one pentad earlier over the AP [Fig. 6d(2)]. This convergence
is also in phase with the existing low-level system upstream to
the northwest corner one pentad earlier [Fig. 6d(2)]. The lower-
level convergence further strengthens the low pressure systems
and pushes the persistent anticyclones eastward at pentad zero
[Fig. 6d(3)]. This low pressure further helps southwesterly winds
converge warm, moist air over the AP, channeling it toward the
Zagros Mountains. Convergence between the warm–moist air
from the tropical region and cold–dry air from the Mediterra-
nean region occurs at one pentad earlier (pentad 21). Subse-
quently, it reaches over the AP at pentad zero and moves
further eastward in later pentads (Fig. 6d). Associated with this
lower-level convergence, we also find moisture (Fig. 6e) and in-
stability (Fig. 6f) over the AP at one pentad earlier (pentad21)
and moved eastward subsequently.

Similar patterns in precipitation, dynamical, and thermody-
namical features are also observed from the TRMM 3B42 and
ERA5 reanalysis data (Fig. S4), further confirming the good
performance and the value of the WRF simulation for study-
ing the precipitation behaviors and their connections to the
dynamical and thermodynamical processes. To quantify the
variations of the Arabian precipitation and its connections to
the upper-level jets, we first define and compute the upper-
level jet-related parameters (i.e., jet magnitude, location,
width, and southern extensions) in the pentad data for all
17 winter seasons (i.e., November–April). The computation
of the jet parameters is explained in section 2c(2) and simi-
lar methodology is applied to both the WRF simulation and
ERA5 data.

We further analyze the interrelationship between the differ-
ent jet parameters for the WRF and ERA5 data (Fig. 7). We
found a strong correlation between jet magnitude and jet
width (CC 5 0.93), which suggests that a stronger jet is typi-
cally broader (Fig. 7a). The jet width and jet southern exten-
sion (Fig. 7b) are also well correlated (CC5 20.92). Similarly,
jet magnitude and jet southern extension (Fig. 7c) are highly
anticorrelated with each other as well (CC 5 20.86). Taken
together, stronger and broader jets extend further south (Fig. 7).
This supports the hypothesis that when a stronger jet moves
over the AP, it covers the southern Arabian regions. We need
to understand quantitatively how the jet magnitudes and their
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southward expansion are associated with Arabian precipitation
and its possible mechanism.

Table 1 shows the temporal correlation of different jet-
related parameters with other parameters related to the Arabian
precipitation for all 17 winter seasons, based on pentad data
from the WRF simulation and observations (ERA5 and TRMM;
within parentheses). The jet core magnitude in ERA5 has a

stronger correlation with the temperature gradient and moist
static energy (MSE) gradient, but it exhibits a weaker correlation
(not significant at 99% confidence level based on the Student’s
t test) with midlevel vorticity followed by lower-level geopoten-
tial height and ultimately with AP precipitation. In contrast,
the position of the jet’s southern edge demonstrates a consis-
tently stronger correlation (significant at the 99% confidence

FIG. 5. The winter season (November–April) averaged (a) TRMM 3B42 precipitation (mm day21), (b) ERA5
850-hPa geopotential heights (m) along with circulation (m s21; vector), and (c) ERA5 upper-level (200 hPa) wind
speed (m s21; shaded) and direction (vector). (d)–(f) As in (a)–(c), but for the WRF simulation.
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level based on the Student’s t test) with all the variables, in-
cluding precipitation over the AP. The results are consistent
for the WRF simulation as well, which suggests that rainfall
over the AP is significantly affected by the southward shift of
the upper-level jet.

The above result conclusively demonstrates that a stronger
upper-level jet and an upper-level trough are primarily associ-
ated with winter precipitation over the AP region. The south-
ward shift of the upper-level jet induces midlevel vorticity
over the Arabian and the Middle East regions. This vorticity
further generates an anomalous lower-level convergence through
Ekman pumping. This leads to the development of an anomalous
surface low, which is further enhanced in the presence of the
existing Red Sea trough over the AP. The surface low
weakens the persistent lower-level anticyclone and causes it
to shift eastward. The eastward displacement of the anticyclones
allows the warm and moist air to enter the AP from the Arabian
and the Red Seas. This warm and moist air converges with the
cold and dry air from the midlatitude, promoting convection un-
der favorable environmental conditions.

The pentad lead–lag composites of precipitation over the
AP and their relationship with different parameters in Fig. 7d
help to understand the direction of causality between our pro-
posed mechanism and the Arabian precipitation. Here, the

zero pentad is when precipitation happens over the AP. A
stronger jet appears over the region at least two pentads ear-
lier, peaks around one pentad earlier, and then starts weaken-
ing. However, the jet is not only stronger in two pentads
earlier but also shifted southward. Its southern extent reaches
around 16.58N latitude at least one pentad earlier and remains
there at pentad 0 when the precipitation peaks. As the precip-
itation starts to weaken one pentad later, the latitude of the
jet’s southern edge also retreats northward. So, a stronger jet
is associated with positive midlevel vorticity (or cyclonic circu-
lations), leading to the weakening of westerlies to the north
and the strengthening of westerlies to the south, resulting in a
southward shift of the jet. The southward shift of the jet fur-
ther helps to bring moisture convergence and precipitation
over the AP region. The results from the lead–lag map are
very much consistent with our mechanism.

c. Untangling jet-rainfall causal links via numerical
experiments

In this section, we demonstrate the direction of causality be-
tween the position of the upper-level jet and the AP precipitation
using semi-idealized numerical experiments. WRF experiments
to establish the causality between the upper-level jet and precipi-
tation over the AP region are summarized in Table 2.

FIG. 6. (first row) The winter season (November–April) averaged anomalous (a) precipitation (mm day 21), (b) upper-level (400–100 hPa)
wind (m s21), (c) midlevel vorticity (s21), (d) lower-level (850 hPa) geopotential heights (m; shaded) with moisture flux vector (g m22 s21),
(e) column-integrated PW (mm), and (f) lower-level MSE (K J kg21) from the WRF simulation at two pentads earlier (pentad22), respec-
tively. (second row)–(fourth row) As in the first row, but for the pentad 21, pentad 0, and pentad 11 periods, respectively. The anomaly is
calculated with respect to the 17-yr climatology conditions for all variables.
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FIG. 7. The scatterplots of (a) jet core magnitude (m s21) vs jet width (8), (b) jet width (8) vs jet southern extension
(lat), and (c) jet core magnitude (m s21) vs jet southern extension (lat), respectively. (d) The composited time evolu-
tion (in pentads) of precipitation (black line) over the Arabian Gulf and surrounding United Arab Emirates
(508–558E and 248–268N), jet south locations (red; averaged over 408–608E), jet magnitudes (light blue; averaged over
the region 1), midlevel (700–400 hPa) vorticity (blue; averaged over the region 1), and 850-hPa geopotential heights
(orange; averaged over the region 1), respectively. The time evolutions are shown from five pentads earlier to five
pentads later for all 73 events using WRF to understand the background conditions for AP precipitation. The solid dia-
monds in the upper portion of the figure in each pentad show significance at a 95% confidence level by the Student’s
t test.
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As case studies, we chose a heavy precipitation event asso-
ciated with the strong upper-level jet (Fig. 8a) from 11 to
27 January 2009 (named “Jan2009-Control”) and a rain-free
case in the presence of a climatological jet (Fig. 8d) over the
AP (6–22 March 2009; “Mar2009-Control”) to test our hy-
pothesis. The control simulation of the January event (Jan2009-
Control) shows the presence of precipitation over the Iranian
plateau and its southward extension over the AP (Fig. 8b). We
performed another numerical experiment, called Jan2009-
Experiment, by replacing only the upper-level (400–100 hPa)
zonal (u) and meridional (y) wind in the Jan2009-Control case
with the Mar2009-Control case (there is a weaker jet with no
southward extension) in the lateral boundaries of the WRF sim-
ulation domain while keeping all the other three-dimensional
variables (e.g., temperature, moisture, geopotential) and surface
variables (U10, V10, surface pressure, etc.) as well as all the ini-
tial conditions the same as the Jan2009-Control conditions. At
the same time, spectral nudging is used for the first 3 days to re-
lax the horizontal wind with a meridional wavenumber of 0–2
and zonal wavenumber of 0–4 to constrain the large-scale flow
and convergence in the domain and allow for the mesoscale to
saturate in the spectral space (Zhang et al. 2017; Taraphdar et al.
2021).

Consistent with our hypothesis, “Jan2009-Experiment” shows
a significant reduction in precipitation over the AP (Fig. 8c), and
most of the precipitation occurs north of the 308N latitude.
We also performed a counter experiment, called “Mar2009-
Experiment,” by replacing the Mar2009-Control wind (Fig. 8d)
with the Jan2009-Control wind (Fig. 8a) but keeping all the
other three-dimensional and surface variables as in the Mar2009-
Control conditions. The Mar2009-Control shows almost no
precipitation over the AP (south of 258N; Fig. 8e), but a
substantial increase in precipitation over the AP is found in
Mar2009-Experiment (Fig. 8f) just by placing the upper-level jet
over the AP. These experiments are conclusive enough to show
that a strong and southward-extended jet can indeed produce
rainfall over the AP. Our results reflect the conjecture that a
stronger jet is necessary for winter precipitation over the AP,
and its southward extension is vital.

d. Can the upper-level jet explain the interannual
precipitation variability?

To check the robustness of our hypothesis, we further test it
by analyzing dry and wet years to see if it can explain the inter-
annual precipitation variability. The procedure to identify wet
and dry years is described in section 2c(3). The interannual

TABLE 1. The time correlation of different jet-related parameters and physical parameters associated with Arabian precipitation
for the winter season of all 17 years in the WRF simulation and observations (ERA5 and TRMM 3B42; within parentheses) using
pentad data, respectively. Correlation values that are significant at the 99% confidence level as determined by the Student’s t test are
highlighted in bold.

Pentad values for
17 years WRF (ERA5

and TRMM)
Temperature

gradient MSE gradient
Midlevel
vorticity PW gradient

850-hPa
geopotential

height over AP
Precipitation
over AP

Jet core magnitude 0.83 (0.91) 0.57 (0.62) 0.08 (20.007) 0.24 (0.22) 20.21 (20.11) 20.13 (20.16)
Jet width 0.68 (0.57) 0.42 (0.50) 0.50 (0.45) 0.35 (0.34) 20.29 (20.16) 0.13 (0.18)
Jet south location 20.51 (20.36) 20.32 (20.36) 20.59 (20.60) 20.35 (20.32) 0.26 (0.19) 20.22 (20.23)
850-hPa geopotential

height over AP
20.30 (20.31) 20.29 (20.21) 20.21 (20.42) 20.23 (20.14) } 20.25 (20.26)

Precipitation over AP 0.003 (20.10) 0.35 (0.32) 0.44 (0.36) 0.56 (0.52) 20.25 (20.26) }

TABLE 2. Description of different numerical experiments to demonstrate the direction of causality between the position of upper-
level jet and Arabian precipitation.

Experiment Description Method

Jan2009-Control Control simulation for the heavy precipitation
event associated with a strong, southward-
shifted upper-level (400–100 hPa) jet during
11–27 Jan 2009

WRF simulation using initial and boundary
conditions from ERA5 corresponding to the
heavy precipitation event days (11–27 Jan 2009)

Mar2009-Control Control simulation for a rain-free event in the
presence of a climatological upper-level jet
during 6–22 Mar 2009

WRF simulation using initial and boundary
conditions from ERA5 corresponding to the
rain-free event days (6–22 Mar 2009)

Jan2009-Experiment Experiment to demonstrate the reduction in
rainfall when a strong upper-level jet is
replaced with a climatological jet

Replace the upper-level zonal (u) and meridional (y)
wind of the heavy precipitation event by the rain-
free event in WRF lateral boundary conditions
but keeping all other variables as well as initial
conditions the same as Jan2009-Control

March2009-Experiment Experiment to demonstrate the increase in rainfall
in the presence of a stronger, southward-shifted
upper-level jet

Similar to Jan2009-Experiment, but the
climatological upper-level jet is replaced by the
strong upper-level jet
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precipitation evolution and its climatological mean over the AP
in WRF, TRMM 3B42, and CHIRPS are consistent (Fig. S5A).
Precipitation in the WRF simulation and two observational
datasets is strongly correlated, which documents that stronger
and weaker precipitation years are similar in the observation

and the WRF simulation. Three wet years (2005, 2006, and
2016) and three dry years (2008, 2010, and 2015) are identi-
fied from the 17-yr dataset (Fig. S5B). We composite them to
explore if our mechanism can explain the differences in pre-
cipitation between wet and dry years.

FIG. 8. (a),(d) The upper-level (400–100 hPa averaged) wind speed (shaded; m s21) and circulation (wind vector)
during a strong precipitation event (11–27 Jan 2009; Jan2009-Control) and an episode without precipitation
(6–22 Mar 2009; Mar2009-Control) over the AP, respectively. (b),(e) The model precipitation (mm day21) from the
Jan 2009-Control and Mar 2009-Control, respectively. (c) As in (b), but for the experiment when the upper-level
(400–100 hPa) zonal (u) and meridional (y) wind are replaced in the Jan2009-Control case by the Mar2009-Control
case. (f) As in (c), but for the Mar2009-Experiment.
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The composited difference in WRF precipitation between
wet and dry years (Fig. 9a) shows that the rainfall difference
is most prominent over the Zagros Mountains region, extend-
ing to the AP. The differences are less prominent south of 208
since the region is mostly dominated by summertime precipi-
tation, other than some oceanic areas over the Arabian Sea.

Substantial differences in rainfall north of 258N indicate its
possible connection with the midlatitude jet. The upper-level
(400–100 hPa) jet is stronger during the wet years and shifts
southward over the AP compared to the dry years (Fig. 9b).
A stronger jet generates anomalous midlevel vorticity (Fig. 9c),
further creating anomalous lower-level convergence (Fig. 9d).

FIG. 9. The difference between the “wet” and “dry” year composites: (a) precipitation (mm day21), (b) upper-level
(400–100 hPa) wind speed (m s21), (c) midlevel (700–400 hPa) vorticity (s21), (d) 850-hPa circulation (vector) and
geopotential height (m; shaded), (e) lower-level (1000–700 hPa) MSE (kJ kg21), and (f) lower-level moisture flux
(kg m22 s21) from the WRF simulation.
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The eastward shift of the anticyclone (Fig. 9d) helps to generate
moisture convergence over the Arabian Gulf and subsequently
the AP. Consistent with this moisture convergence, the AP also
features more substantial lower-level instability (Fig. 9e), more
column-integrated precipitable water (PW; figure not shown),
and stronger moisture transport from the Arabian Sea and
Red Sea (Fig. 9f). These processes create favorable conditions
for precipitation and help to generate more rainfall in wet years
compared to dry years. Our mechanism is also supported by the
observation-based diagnosis using TRMM 3B42 precipitation
and ERA5 reanalysis (Fig. S6).

We have further extended our analysis period to encompass
43 years, from 1981 to 2023 based on the ERA5 reanalysis
data and identified six wet years (1982, 1988, 1991, 1994, 1996,
2010) and seven dry years (1993, 1999, 2000, 2007, 2009, 2021,
2022), respectively. We composited the data from these years
and found very similar results, like an increase in precipitation
over the AP during wet years compared to dry years, consis-
tent with an increase in the upper-level jet strength in the
southern region followed by an increase in midlevel positive
vorticity over the AP (figure not shown). These all suggest that
our results are consistent even if we change the time period and
increase the samples of wet and dry years.

Since the strength and location of the jet qualitatively explain
the difference in precipitation between wet and dry years, we
quantify the changes in jet magnitude and its location. Figure 10
displays the latitude distribution of upper-level (400–100 hPa)

wind magnitude averaged over the longitude 408–608E during
wet and dry years in both ERA5 (Fig. 10a) and WRF simula-
tion (Fig. 10b). Figure 10 demonstrates that during wet years
(35.5 m s21), the jet peak magnitude is about 3 m s21 stronger
compared to dry years (32.2 m s21) and is also wider by about
38. Specifically, the jet extends southward (or equatorward)
by about 28 latitude during wet years.

Now, we separate the impacts of jet magnitude and its south-
ward extension in the abovementioned physical processes. The
left panels of Fig. 11 show the scatterplot of different parameters
related to precipitation (e.g., midlevel vorticity anomaly, lower-
level geopotential height anomaly, vertically integrated PW
anomaly, and AP precipitation anomaly) with the jet core mag-
nitude anomaly with respect to the climatology (17 years) during
wet (blue) and dry (red) years, respectively. Midlevel vorticity
does not correlate with jet core magnitude (Fig. 11a) but
is strongly correlated with the southern extension of the jet
(Fig. 11e). The jet’s southern extension can explain about 13.7%
of vorticity variability during wet years compared to 2.6% during
dry years. Wet years show a more pronounced southward jet ex-
tension than the jet core magnitude. But in the case of lower-
level geopotential heights, both the jet core magnitude and its
southward extension contribute comparably (Figs. 11b,f). For
PW anomaly, the jet’s southern extension is more strongly corre-
lated with the PW anomaly than the jet core magnitude, specifi-
cally during wet years (Figs. 11c,g). In the wet years, the jet core
magnitude (19.4%) explains a much smaller PW anomaly than

FIG. 10. The latitudinal distribution of upper-level (400–100 hPa) wind magnitude (m s21) averaged over the longi-
tudes (408–608E) during wet years (black curve) and dry years (green curve) in both (a) ERA5 and (b) the WRF sim-
ulation, respectively.
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FIG. 11. The scatter diagram of (a) midlevel vorticity anomaly (s21), (b) lower-level geopotential height anomaly
(m), (c) vertically integrated PW anomaly (mm), and (d) AP precipitation anomaly (mm day21) with the jet core mag-
nitude anomaly (m s21) with respect to the 17-yr climatology during wet (blue) and dry (red) years, respectively.
(e)–(h) As in (a)–(d), but for the jet southern location anomaly (degrees lat), respectively. Each dot in every panel
represents the single pentad values.
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the jet’s southern extension (31.4%). Identical to the PW anom-
aly, precipitation over the AP correlates better with the south-
ward jet extension, specifically during wet years (Figs. 11d,h).
The southward jet extension can explain (21.2%) almost 3 times
more precipitation variability than the jet magnitude (6.8%) dur-
ing wet years. This suggests that a southward shift of the jet
might be more critical for the AP precipitation compared to the
jet core magnitude.

4. Summary and conclusions

A 17-yr (2002–18) long simulation was performed using the
WRF Model at a gray-zone resolution to understand the cli-
matological, intraseasonal, and interannual variability of pre-
cipitation over the AP. The WRF simulation at a 9-km grid
length without the convective parameterization can capture the
precipitation climatology and interannual variabilities well. We
find that winter precipitation contributes almost 70% of annual
rainfall over the AP and the United Arab Emirates and is mainly
associated with the movement of the Mediterranean synoptic-
scale systems. Winter season precipitation first appears over the
northwest corner of the domain (i.e., Mediterranean region) two
pentads earlier. It then propagates eastward and merges with an-
other branch of precipitation from the Red Sea and the Arabian
Sea by the zeroth pentad. This time evolution of the rain pattern
confirms that winter season precipitation is mainly related to the
propagation of the Mediterranean systems and their interactions
with the tropical air mass from the Red Sea and the Arabian
Sea.

Consistent with the precipitation, the circulation also indicates
an organization of the upper-level jet two pentads earlier over
the Middle East, which establishes a stronger jet over the AP
one pentad earlier. This stronger upper-level jet over the AP
creates midlevel vorticity and lower-level convergence one pen-
tad earlier, which weakens the persistent anticyclones and
displaces them eastward. This process strengthens the mois-
ture convergence and instability in the lower level, allowing pre-
cipitation initiation at the zeroth pentad over the AP. Figure 12
illustrates the precipitation mechanism proposed in this study,
which is outlined as follows. Winter season precipitation events
over the AP are primarily associated with a stronger and broader
upper-level jet. The southward shift of the upper-level jet induces
positive midlevel vorticity (shaded yellow in Fig. 12) over the AP
and the associated Middle East region. This positive vorticity
creates a lower-level convergence zone (CZ) through Ekman
pumping over the AP. This leads to the development of an
anomalous surface low, which is then enhanced in the pres-
ence of the existing Red Sea trough. This surface low weakens
the persistent anticyclone [lower-level anticyclone (LAC)] over
the AP and shifts it eastward to the Arabian Sea. The eastward
shift of the lower-level anticyclone allows the warm and moist
air from the Arabian and the Red Seas to enter the AP. This
warm and moist air converges with the cold and dry air from the
midlatitude and initiates the convection under favorable envi-
ronmental conditions.

We tested this hypothesis by examining the precipitation
differences between the wet and dry years. WRF can realisti-
cally capture the precipitation difference between the wet and

dry years and its association with upper-level jets. A roughly
28 southward shift of the upper-level jet along with about a
3 m s21 stronger jet peak magnitude helps to build the warmer
midlevel and lower-level instability, leading to stronger precipi-
tation over the Arabian Gulf regions during wet years. The cur-
rent research identifies that the more substantial precipitation
during wet years is primarily associated with a stronger and
broader upper-level jet than in dry years. The southward shift of
the jet can explain about 21% of the AP’s precipitation variabil-
ity compared to the 7% demonstrated by the jet core magnitude
during wet years, suggesting the importance of the jet’s south-
ward shift for wet years over the AP.

The current study provides guidance for robust regional cli-
mate simulations over the AP and the mechanism behind the
winter season precipitation. We plan to investigate shift of the
upper-level jet under future climate warming scenarios and
their impact on future precipitation over the AP region.
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