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Abstract
Surface observations of rain from 15 stations across the northern Arabian Peninsula (AP) and meteorological data from the
NCEP/NCAR reanalysis data set were used to study the winter atmospheric factors and subtropical jet stream (STJ) character-
istics controlling rain over the northern AP. The statistical study shows that January has the highest amount of winter rain when
the STJ is at 200 hPa and is located in the zone between 25°N and 30°N. Synoptically, the northern AP winter rain forms when
the Red Sea trough (RST) extends northward and is located to the east of the upper trough, while the rain decreases when the
Siberian high intensifies, the pressure gradient around the RST decreases and the STJ becomes zonal or exits over the Middle
East. Moreover, the study shows that the Mediterranean cyclone plays a secondary role in the generated rain, mainly producing
atmospheric conditions favoring the northward extension of the RST. The results demonstrate that the pressure/geopotential
gradient is more important than the relative positions of atmospheric systems in the development of rain. The temporal and
vertical variations in the STJ indicate that the rain decreases as the core of the low-pressure difference shifts southward from the
northern Red Sea. Additionally, the amount of the Siberian high difference is comparable to the negative low-pressure difference,
while the Azores difference is relatively weak.
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Introduction

The location of the Middle East and the Levant on the climatic
border between temperate (Mediterranean) and arid climatic
zones makes this region prone to droughts (Trewartha and
Horn 1980; Alpert et al. 2002; Hasanean and Almazroui
2015), which are enhanced by dust storms (Parolari et al.
2016) and are influenced by mid-latitude and tropical atmo-
spheric processes that play major roles during the rainy season
(Krichak et al. 2000). Regional dry areas are sensitive not only
to seasonal droughts but also to prolonged dry spells during
the rainy season (Saaroni et al. 2019).

Rain events in semiarid and arid subtropical regions are
characterized by a high rate of interannual variability
( L o c kw o o d 1 9 8 8 ) a n d o c c u r a s a r e s u l t o f

tropical-extratropical interactions (Ziv 2001; Knippertz
2005; Ziv et al. 2005; De Vries et al. 2013; Martius et al.
2013). Furthermore, regional cyclogenesis and cyclone tracks
influence the Mediterranean and produce favorable rainfall
conditions (Alpert et al. 1990; Flocas and Giles 1991; Trigo
et al. 1999; Maheras et al. 2001) that are strongly related to the
prevailing circulation regime.

There are different explanations for the atmospheric sys-
tems that generate rain in the Middle East region. However,
previous studies (Dayan and Sharon 1980; Dayan et al. 2001;
Kahana et al. 2002) found that the annual rainfall in the arid
region of the southern Levant was poorly correlated with both
synoptic- and large-scale factors, i.e., the rain regime was
dominated by local effects and convective systems. Ziv et al.
(2014) found that annual rainfall may be controlled by
large-scale oscillations both directly and indirectly via local
systems. Generally, rain over the Levant region is produced
not only by local mechanisms but also by large-scale oscilla-
tions, such as the North Atlantic Oscillation (NAO) and Arctic
Oscillation (AO) (Eshel and Farrell 2000; Cullen et al. 2002;
Dunkeloh and Jacobeit 2003; Raymond et al. 2018; Ghasemi
and Khalili 2008; Oikonomou et al. 2010; Tramblay and
Hertig 2018; Saaroni et al. 2019), or negatively related to the
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Azores high (Iqbal et al. 2013). Moreover, the central and
eastern Mediterranean rain is mainly related to the
Scandinavian pattern (Rogers 1990).

In their study on winter rain in the southern Levant, Kutiel
and Paz (1998) found that at the beginning of the rainy season
(October), rainfall is discontinuous and spotty without a dis-
tinctly coherent region, while at the end of the rainy season
(April), rainfall is more widespread and forms a large coherent
region.

With respect to rain formation, Ziv et al. (2006) indicated
that rain is formed over the southern Levant within cold air
masses of European origin that enter the region from the
northwest and that through their movement over warmer
Mediterranean waters, these masses gain moisture and
become conditionally unstable. Seager et al. (2003) showed
that an anomalously high sea surface temperature (SST) in the
tropics enhances the Hadley circulation, including the sub-
tropical jet stream (STJ) and the easternMediterranean trough,
while Ben-Gai et al. (1994) indicated that a positive change in
the SST increases rainfall over the Mediterranean region.

In detail, Dayan and Abramski (1983) attributed the heavy
rains observed in February 1975 over the southern Levant to the
abnormal shape of the STJ, which was tilted such that its axis at
the 300 hPa level was abnormally positioned to the right (south)
of its position at the 200 hPa level. In describing the relation
between jets and rain, Niranjan Kumar et al. (2016) showed that
the low-level convergence associated with the upper tropo-
spheric divergence across the STJ should be considered a pri-
mary issue of winter convective activity over the AP.
Moreover, the upper trough over the eastern Mediterranean
(EM) induces cold advection aloft into the surface
low-pressure system, which triggers and enhances tropical con-
vection (Kiladis and Weickmann 1992; Blackwell 2000).

Furthermore, Alpert et al. (2004) semi-objectively catego-
rized the daily synoptic systems that influence the EM and
f o u n d t h a t t h e R e d S e a t r o u g h ( R S T ) ( o r
tropical-extratropical interaction) influences the rainfall pat-
terns in the EM region, which was also confirmed in subse-
quent studies (Ziv et al. 2005; Haggag and El-Badry 2013; De
Vries et al. 2013, 2016).

Previous works have indicated that rainfall over regions of
interest is influenced directly by or through the effects of cli-
mate systems on local systems, but it has remained unclear
how these local systems influence rainfall patterns. Therefore,
the purpose of this study is to relate the northern AP (southern
Levant) rain with the temporal and vertical variations in the
STJ, which is one of the main local/regional atmospheric sys-
tems, over the Middle East and to detail the atmospheric char-
acteristics that accompany the effects of STJ variability on
winter rainfall over the northern AP.

This paper is organized as follows. The materials and
methods used in this study are described in the “Materials
and methods” section, the statistical results and synoptic

features of rain variability in winter months are presented
and discussed in the “Results and discussion” section, and
the conclusions are presented in the last section.

Materials and methods

In this study, the STJ was detected using the method defined
in Asiri et al. (2020), which specifies the STJ as the horizontal
maximum wind on vertical levels from 400 to 200 hPa with a
value greater than the threshold value close to 25 m/s (as used
in Koch et al. 2006; Abish et al. 2015; Strong and Davis 2005,
2007) inside the area from 20°N to 50°N and from 00°E to 80°
E; this region is considered one of the main cores of the STJ
(Krishnamurti 1961; Strong and Davis 2007; Archer and
Caldeira 2008).

The rain data were retrieved from surface rain observations
at 15 surface meteorological stations in northern Saudi Arabia
and adjacent areas through the period from 1978 to 2010 (Fig.
1b). This period was selected to include the longest possible
records and minimal record gaps. The rain data were used to
determine the rainfall cases (i.e., the days of precipitation
greater than 1 mm at least at one station) and nonrainfall cases
(i.e., the days with no rain observations at any of the surface
stations).

Meteorological data were retrieved from the National
Centers for Environmental Prediction (NCEP)/National
Center for Atmospheric Research (NCAR) reanalysis
6-hourly meteorological data set during the period from
1978 to 2010, with a horizontal spatial resolution of 2.5° ×
2.5° (Kalnay et al. 1996; Kistler et al. 2001). The study do-
main was delimited by 0°E-70°E and 10°N-50°N.

A synoptic evaluation of the composite maps of both rain-
fall and nonrainfall cases was performed based on the sea level
pressure (SLP); the wind components at 850, 250, and 200
hPa; the vertical motion and geopotential heights at 850 and
700 hPa; and the relative humidity (RH) at 700 hPa. The static
stability within the layer between 1000 and 500 hPa was
calculated following the method of Gates (1961) for all select-
ed composites.

The composite cases were detected depending on the rain
threshold value and the corresponding times available for the
jet classification, with vertical data for the highest STJ pres-
sure levels and temporal data for winter months.

Results and discussion

General

The procedure used for detecting the STJs (Asiri et al. 2020) is
shown in Fig. 1a, and 21300 STJs were found for the period
from 1958 to 2016. Of these detected STJs, approximately
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Fig. 1 Schematic distribution of the rainfall over the northern AP: a the regional and temporal distributions of the STJ and rainfall, b the horizontal
distribution of rainfall at the 15 surface stations in the study region, and c the diurnal variations in the days of rainfall through the daytime hours (GMT)
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0.1% occurred at 300 hPa, 0.0% occurred at 400 hPa, approx-
imately 12.1% occurred at 250 hPa, and 87.8% occurred at
200 hPa; i.e., most of the winter STJs were found at 200 hPa.
Therefore, the STJs at 200 hPa were considered the climate
STJ level for the winter in the Middle East region.

The spatial distribution of STJs at this level shows that
approximately 95.4% of the detected STJs were found in the
area between 20°N and 35°N, which represented 83.8% of the
winter time. In detail, approximately 15.6% of the STJs oc-
curred in the area between 20°N and 25°N, approximately
16.8% of the STJs occurred in the area between 30°N and
35°N, and approximately 51.4% of the STJs occurred in the
area between 25°N and 30°N.

Temporally, the monthly detected STJs in the area between
20°N and 35°N show that approximately 34.3% occurred in
December, 34.8% occurred in January, and 31.0% occurred in
February.

The station rainfall distribution (Fig. 1b) shows that the
highest rainfall was found over the eastern study region and
over the northeastern stations, Ruwaished station (Jordan) and
Turaif station, which is in agreement with the results reported
by Mashat and Basset 2011). The lowest rainfall values were
found at the western stations, with the overall lowest rainfall
over the Aqaba station (Jordan).

Moreover, the average rain in the winter months increased
from December to January and then decreased, with monthly
averages of 11.7 mm, 12.1 mm, and 7.0 mm in December,
January, and February, respectively. The annual average rain

in the area, at approximately 31 mm, was two orders of mag-
nitude less than the annual average over Lebanon, which
reached 546.5 mm (Kobrossi et al. 2021), or one order of
magnitude less than the annual rain over all of Iran, which
was approximately 240 mm (Raziei et al. 2005). However, it
was comparable to the average rain over southeastern Iran,
which was less than 20 mm (Ghasemi and Khalili 2008),
and with the minimum annual value over Balochistan
Province, Pakistan, which is classified between arid and hy-
perarid regions (Qaisrani et al. 2021). Although the average
values for the months were 1° less than the average values
over the southeastern Mediterranean, they were consistent
with the monthly distribution (Saaroni et al. 2019; Ben-Gai
et al. 1993) and greater than the minimum value of rain in the
wet Mediterranean season, which was 15 mm (Dunkeloh and
Jacobeit 2003), as well as the annual average (25 mm) for the
wet season over southern Israel (Ziv et al. 2014). This result is
compatible with the negative trend (dry) of the annual rainfall
found in this region (Mashat and Abdel Basset 211). The
highest rainfall amounts were most commonly found at the
Al-Riyadh, Al-Hasa, Al-Gassim, and Al-Qaysumah stations
in all winter months, all of which are located in the main
region of the STJ, i.e., in the region between 25°N and 30°
N. Additionally, the distribution of the rain indicated a greater
decrease in the amount of rain as the STJ shifted southward
than as the STJ shifted northward, while rain reached its max-
imum value when the STJ was located over the region be-
tween 25°N and 30°N.

Fig. 1 (continued)
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The hourly rainfall time (Fig. 1c) indicated that most of the
rainfall over the northern AP was produced between 12 GMT
and 20 GMT, i.e., during the afternoon period, while no rain
occurred in the morning from 00 GMT to 11 GMT, and little
rainfall was produced between 21 GMT and 23 GMT, i.e.,
during the late afternoon.

Moreover, the monthly distribution of rainfall (Fig. 2) in-
dicated that all months had decreasing rates after 1995, with a
small rate of decrease in January and the highest rate of de-
crease in December and February. This trend was comparable
to rainfall trends over Syria (Kelley et al. 2015), Lebanon
(Kobrossi et al. 2021), and the northern Middle East (Iqbal
et al. 2013) but was inverse to rainfall trends over southern
Israel (Ben-Gai et al. 1994, 1998; Steinberger and Gazit-Yaari
1996). Generally, the monthly amounts of rain (Table 1) indi-
cated that February had the highest (lowest) ratio of days with
rainfall less (greater) than 10 mm (50 mm), while December
was the month with the highest ratio of days receiving rainfall
amounts greater than 50 mm.

Synoptic climatology study (January)

The above discussion indicated that the area between 25°N
and 30°N is highly affected by jets and winter rain. Therefore,
the present study considered the characteristics of the rainfall
composite data in this area as the reference (or the climate)
situation for comparison with nonrainfall composite data to
describe the characteristics of atmospheric systems that gen-
erate rain. To define the temporal variability of winter rain
patterns, the climate situation was compared with the rainfall
composite data of the other winter months, while the influence
of the vertical variability of the jet on the rainfall situation was
examined by comparing the climate situation with the jet at
250 hPa.

Mean sea level pressure and STJs at a pressure level of 200
hPa

In the rainfall composite (Fig. 3a), the Sudan low pressure,
with a value of 1010 hPa, has an RST to the east of the Red
Sea and is then oriented southeast-northwest to the EM, which
is similar to the wet composite for the southern Levant (Ziv
et al. 2006; Ghasemi and Khalili 2008) or the wet RST

(Tsvieli and Zangvil 2005). Additionally, the orientation of
the RST explains the increased surface moisture intrusion into
the region. The Azores high, with a value of 1022 hPa, has a
ridge over the Mediterranean and northern Africa, extending
to eastern Egypt. The Siberian high, with a value of 1030 hPa,
has a high-pressure cell with a value of 1024 hPa over the
Caspian Sea. The relationship between previous systems,
i.e., high-pressure systems surrounding the RST, is similar to
that described for rainy events by De Vries et al. (2016).

Furthermore, these systems interact and form two pressure
gradient areas: the highest over eastern Africa between the
Azores high and RST and the lowest over the Levant and
Iran between the Siberian high and RST. Additionally, the
STJ (Fig. 3a) has a core with a value of 117 knots and extends
from central Egypt to Pakistan.

In comparison with the rainy composite, the nonrainfall
composite (Fig. 3b) illustrates that the Sudan low does not
change but shows the RST over the Red Sea and is not con-
nected with the Mediterranean low pressure, with a value of
1018 hPa, which forms a situation similar to the composite of
dry days for the southern Levant (Ziv et al. 2006). The Azores
high does not change but has a ridge over northern Africa to
mid-Libya. The Azores high is smaller in the nonrainfall com-
posite, which shifts the pressure gradient area to the south. The
change in the Azores high produces a negative effect on the
rain over the northern AP compared to its positive effect on
the rain situation over the northern Middle East (Iqbal et al.
2013). The Siberian high, with a value of 1028 hPa, has a
high-pressure cell over the Caspian Sea with a value of 1024
hPa. The STJ (Fig. 3b) forms a zonal core with a value of 112
knots and extends from eastern Libya to the eastern AP.

The atmospheric systems for rainfall/nonrainfall SLP com-
posites appear comparable to the wet/dry systems influencing
Iran (Ghasemi and Khalili 2008) when considering their rela-
tionship with respect to the region’s position. In the
nonrainfall composite, the atmospheric systems interact and
form weak gradient areas over eastern Africa, Iraq, and the
northernMediterranean, producing a weak atmospheric mech-
anism for rain.

Geopotential height and vertical wind at 850 hPa

The rainy composite (Fig. 3c) shows that the northern cyclone,
with a value of 1440 gpm, has a deep trough over the EM and
northern AP. The subtropical anticyclone has two branches
over Africa and the southeastern AP, each of which has a
value of 1530 gpm. The African branch has a ridge over
Africa to eastern Egypt and Sudan. The Arabian branch has
a ridge oriented southeast to southwest over the southern AP,
and the southwest wind influences the northern AP, with wind
speeds decreasing from south to north and ranging from 10 to
5 knots.

Table 1 The number (ratio) of days with observed rainfall amounts less
than 10 mm (i.e., less than half of the annual rainfall amount) and greater
than 50 mm (i.e., approximately double the annual rainfall amount)

Month/Num. of days Total Less than 10 mm More than 50 mm

December 298 198 (66.4%) 20 (6.7%)

January 435 255 (58.6%) 21 (4.8%)

February 234 182 (77.8%) 6 (2.6%)
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The distribution of vertical motion (Fig. 3c) shows that
there is high upward motion with a value of − 0.8 Pa/s
over the southwest AP, while there are upward motions of

− 0.4 and − 0.2 Pa/s over the Levant and central
Mediterranean, respectively. The upward motion area is
surrounded by areas of downward motion of 0.6 and 0.4
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Fig. 2 Annual distribution of
rainfall over the northern AP for a
January, b December, and c
February. The y-axis represents
the rainfall days, and the black
line is the trend line
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Pa/s over northeast Africa and the area between the
Caspian and Black Seas, respectively, which form a ver-
tical circulation with downward branches outside the
study area.

In comparison with the rainfall composite, the
nonrainfall composite (Fig. 3d) shows that the northern
cyclone deepens by approximately 10 gpm but has a wide
trough over the EM and Levant. The subtropical anticy-
clone over Africa is more intense, with a value of 1540
gpm, and has a ridge over mid-Egypt and Sudan. The AP
anticyclone with a value of 1530 gpm shifts westward and
forms meridional contour lines over the western AP. The
western wind influences the northern AP, and the wind
speed is decreased compared to that of the rainfall compos-
ite. The wind directions accompanying the rainfall
(nonrainfall) composite are similar to those of the wet
(dry) composite over Iran (Ghasemi and Khalili 2008).

The vertical motion distribution (Fig. 3d) shows that
the upward motion over the western AP and Levant is
divided by an area of downward motion. A new area of
upward motion with a value of − 0.6 Pa/s is generated
over the northern Arabian Gulf, and the core of downward
motion over northwestern Africa shifts northward over
Egypt. The entire Mediterranean is influenced by upward
motion, with the highest value of − 0.4 Pa/s over the
eastern region; i.e., the vertical circulation shifts slightly
out of the study area.

From the previous description of the synoptic features, the
orientation of the Arabian anticyclone clearly plays an impor-
tant role in the southward extension of the northern cyclone
trough, which, in turn, substantially affects the generation of
rainfall in the region by triggering and enhancing tropical
convection (Kiladis and Weickmann 1992; Blackwell 2000;
Ziv et al. 2006).

Fig. 3 Maps of the SLP (isobars, in hPa) and maximum wind at 200 hPa
(shading, in knots) in January for a rainfall and b nonrainfall composites.
Maps of the geopotential height (contours, in gpm), wind (barbs, in knots)

and temperature (shading, in °C) at 850 hPa for January for c rainfall and
d nonrainfall composites
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Geopotential height at 500 hPa and static stability
in the 1000–500 hPa layer

At 500 hPa in the rainfall composite (Fig. 4a), the northern
cyclone with a value of 5460 gpm has a deep trough over the
EM and western Red Sea. The subtropical anticyclone with a
value of 5860 gpm over the Arabian Sea has two ridges over
the Arabian Gulf and over western Africa and the
Mediterranean.

The wind at this level has its maximum at approximately
27.5°N, with the highest value of 50 knots over the central AP.
The wind decreases northward and southward, but has a
higher rate of decrease southward.

The stability distribution (Fig. 4a) shows that the
low-stability area over the Mediterranean and African Horn
areas, at 0.9° db−1, appears connected, while it is surrounded
by a high-stability area over Africa, the Arabian Sea, and the

northern region, with a value of 1.2° db−1. This stability dis-
tribution forms stability gradients over the Red Sea, northern
Africa and Mediterranean regions.

In the nonrainfall composite (Fig. 4b), the northern cyclone
with a value of 5420 gpm has a trough oriented northeast to
southwest over the central and western Mediterranean. The
subtropical anticyclone with a value of 5860 gpm has a ridge
over the western AP and Red Sea. This atmospheric system
distribution is similar to the negative phase of the fourth mode
(Dunkeloh and Jacobeit 2003) for dry conditions over the
Levant and dry days over the southeastern Mediterranean
(Saaroni et al. 2019). Although the wind speed decreases in
this composite compared to the rainy composite, the maxi-
mum wind remains at approximately 27.5°N.

The distinction between the rainfall/nonrainfall troughs of
the northern cyclone, i.e., oriented more north-south on the
rainfall composite, is similar to the difference detected in the

Fig. 4 Maps of the geopotential height (contours, in gpm), wind (barbs,
in knots), and temperature (shading, in °C) at 500 hPa in January for a
rainfall and b nonrainfall composites. Maps of c the relative humidity in
% (contours for nonrainfall and shading for rainfall) at 700 hPa and d the

difference in the SLP (shading, in hPa) between rainfall and nonrainfall
composites and 500 hPa geopotential height (contours, in gpm) for the
January composites
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wet/day composites for the southern Levant and Iran and is
explained as a factor enhancing the EM low pressure respon-
sible for the rainfall system (Ziv et al. 2006; Ghasemi and
Khalili 2008).

In the nonrainfall composite (Fig. 4b), the low stability
over the Mediterranean has a value of 0.8° db−1, while the
value over the African Horn reaches 0.9° db−1. The
high-stability areas over the Arabian Sea extend northward
and are connected with the African high-stability region, and
both have a value of 1.2 °db−1. This distribution tends to shift
the Mediterranean low-stability area to over the EM region
rather than southward, as in the rainfall composite. The stabil-
ity gradient around the Red Sea decreases in the nonrainfall
composite compared to that in the rainfall composite.

Generally, the above discussion indicates that the mecha-
nisms accompanying the rainfall composite produce integrat-
ed atmospheric layers, i.e., the upper trough to the western
lower trough with low stability and clear vertical circulation,
which enhances the factors conducive to rainfall (Kiladis and
Weickmann 1992; Blackwell 2000; Ziv et al. 2006).

Relative humidity at 700 hPa and SLP/500 hPa geopotential
differences

In the rainfall composite (Fig. 4c), the distribution of RH
shows values between 60 and 70% over the northern AP
and Levant, while the highest value of 90% appears over the
area between the Caspian and Black Seas. Additionally, a high
moisture content between 50 and 60% is found over the east-
ern Red Sea and western AP.

In the nonrainfall composite (Fig. 4c), the northern AP and
Levant have RH values between 40 and 60%, and the highest
RH value, 90%, is located in the area between the Caspian and
Black Seas. The highest RH over the Red Sea is found in the
southern region, with a value of 50%.

The SLP difference (Fig. 4d) has a negative core with a
value of -3.5 hPa located over the northern AP, and difference
lines are oriented south to north on the western side and are
wavy on the eastern side. Two areas of positive difference are
found in the western and eastern regions, with values of
1.5 hPa and 2.5 hPa, respectively. The western region has a
high-difference core over the Mediterranean and forms a me-
ridional SLP difference gradient from north to south through
the EM and Red Sea. The eastern region has a core over the
eastern corner and forms a zonal SLP difference gradient over
the Levant.

At 500 hPa (Fig. 4d), the negative geopotential height dif-
ference with a value of – 50 gpm is located over the northern
Red Sea, i.e., to the west of the surface difference. This neg-
ative difference is surrounded by positive difference areas,
with the highest value of 40 gpm located over Italy. The in-
teractions between different areas form a high geopotential
difference gradient over Africa and the AP. Moreover, the

different distributions of SLP and geopotential heights are
similar to those during the wet season in January over the
EM (Tsvieli and Zangvil 2005).

In an integrated form, the results show that the distributions
of vertical motion and stability, in addition to the northward
extended RST and its deep interaction with the upper trough,
lead to a destabilized troposphere and form rain over the AP
(Barth and Steinkohl 2004; Evans et al. 2004; Chakraborty
et al. 2006; Evans and Smith 2006; De Vries et al. 2016).
The rainy system conditions appeared similar to those that
produce rain over Iran (east and southeast of the study area)
(Ghasemi and Khalili 2008), while the distribution of the
geopotential differences appears similar to those for high/
low rainfall over the EM region (Eshel and Farrell 2000;
Krichak et al. 2000).

Temporal variability

In this part, the synoptic discussion is constrained only to
rainfall/nonrainfall cases observed in the area between 25°N
and 30°N and accompanied by the jet at 200 hPa, and these
conditions are all fixed except the temporal (i.e. monthly)
variation.

December

Mean sea level pressure and STJ at a pressure level of 200 hPa
For the rainfall composite (Fig. 5a), the Sudan low with a
value of 1006 hPa has an RST over the Red Sea extending
northward to approximately 30°N. The northern
Mediterranean is influenced by a weak low-pressure system
with a value of 1010 hPa over Italy. The southeastern
Mediterranean is influenced by a high-pressure cell with a
value of 1014 hPa that forms a wide weak ridge over northern
Africa and the central northern AP. The Siberian high with a
value of 1018 hPa has a high-pressure cell over the area be-
tween the Caspian and Black Seas and a ridge over Iran and
the northern Arabian Gulf. The STJ, with a value of 90 knots,
has a core extending from Algeria to western Egypt, and has a
trough shape over the northern Red Sea and a ridge shape over
the AP.

For the nonrainfall composite (Fig. 5b), the Sudan low does
not change but exhibits a relatively flat RST over the eastern
Red Sea with an eastward orientation in contrast to the rainfall
composite. The Azores high pressure over the Mediterranean
and northern shore of Africa with a value of 1014 hPa extends
to the EM and has a wide ridge over Africa. The Siberian high
pressure with a value of 1020 hPa has a cell in the area be-
tween the Caspian and Black Seas and forms a pronounced
ridge over Iran. The STJ core stretches between eastern
Algeria and the Red Sea, with a value of 89 knots, and forms
a trough shape over the Levant (Fig. 5b).
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Geopotential height and vertical wind at 850 hPa In the rainy
composite (Fig. 5c), the northern cyclone with a value of 1400
gpm has a high-gradient flat trough over the central
Mediterranean and over the eastern and northern AP. The
tropical cyclone with a value of 1500 gpm extends northward
over the Red Sea to approximately 22°N. The subtropical
anticyclone over Africa has a cell over Egypt and Libya, with
a value of 1510 gpm, and a ridge extending eastward to
mid-Egypt. The subtropical anticyclone cell over the southern
AP with a value of 1520 gpm has a ridge over the eastern AP.
The wind speed decreases from south to north over the west-
ern AP, with values ranging from 10 to 5 knots.

The highest upward motion, − 0.8 Pa/s, is found over the
southern AP and extends northward to Turkey (Fig. 5c). This
upward motion is surrounded by two cores of downward mo-
tion: one core with a value of 0.6 Pa/s is over Egypt, and the
other core with a value of 0.8 Pa/s is over the Arabian Gulf.
This distribution forms a vertical motion gradient across the

Red Sea and Arabian Gulf, with a maximum gradient area
around the EM and northern AP.

In the nonrainfall composite (Fig. 5d), the northern cyclone
with a value of 1450 gpm has a flat trough over the EM and
northwestern AP. The tropical cyclone with a value of 1500
gpm has a trough over southern Sudan, i.e., southward on the
rainy composite. The subtropical anticyclone over Africa
weakens, with a value of 1510 gpm, and its ridge extends
eastward to Egypt, i.e., to the west of its location in the rainy
composite. The AP anticyclonic cell with a value of 1520 gpm
shrinks to the eastern AP.

In Fig. 5d, the maximum core of upward motion, with a
value of − 0.9 Pa/s, forms over the southern AP and has a
lower gradient on its northward extension than the core in
the rainy composite. Although the intensity of downward mo-
tion over Egypt is comparable to the downward motion in the
rainfall composite, there is a smaller gradient over the EM and
northern AP in the nonrainfall composite.

Fig. 5 Maps of the SLP (isobars, in hPa) and maximum wind at 200 hPa
(shading, in knots) in December for a rainfall and b nonrainfall
composites. Maps of the geopotential height (contours, in gpm), wind

(barbs, in knots) and temperature (shading, in °C) at 850 hPa in
December for c rainfall and d nonrainfall composites

1610    Page 10 of 20 Arab J Geosci (2021) 14: 1610



Geopotential height at 500 hPa and static stability at the
1000–500 hPa layer In the rainfall composite (Fig. 6a), the
northern cyclone, with a value of 5480 gpm, has a flat gradient
trough over the EM and eastern Africa. The subtropical anti-
cyclone, with a value of 5860 gpm, has a ridge over the AP.
The wind speed at this level reaches its maximum value of 30
knots over the central and northern AP and decreases north-
ward and southward, with a high rate of decrease in the south-
ward direction.

Figure 6a shows the low-stability area over the AP, with a
value of 0.7° db−1, surrounded by two highly stable areas over
the northern study region and over the Arabian Sea. The stable
area over the EM, with a value of 0.85° db−1, along with the
low-stability area over the northern AP, forms a stable gradi-
ent area over the Levant and northern Red Sea.

In the nonrainfall composite (Fig. 6b), the northern cy-
clone, with a value of 5530 gpm, has a relatively weak flat
gradient trough over the EM and Africa. The subtropical an-
ticyclone, with a value of 5860 gpm, has a ridge over the AP.
The distribution of the previous atmospheric systems is simi-
lar to that of baroclinic dry days over the southeastern
Mediterranean (Saaroni et al. 2019). The wind speed distribu-
tion reaches its maximum value of 35 knots over the northern
AP and decreases at the same rate in the rainy composite to the
north and south.

In Fig. 6b, there is a stability gradient area over the Levant
and northern Red Sea between the high-stability area over the
EM and the low-stability area over the Levant and northern
AP, and the stability lines have orientations that appear to the
west of those in the rainfall composite.

The RST is one of the atmospheric systems considered to
be associated with dry/wet EM systems (Krichak et al. 2000).
However, the above discussion demonstrates that the atmo-
spheric systems during rainy situations—i.e., the northward
extension of the trough from the upper tropical cyclone, the
upward motion, the low-stability area and the gradient areas of
pressure, geopotential, stability and vertical motion—provide
favorable conditions for the RST to become pronounced and
extend northward, which forms a destabilized atmosphere
(e.g. Evans and Smith 2006; De Vries et al. 2016) that
achieves suitable conditions for rainfall. In contrast, the sys-
tem pattern is not sufficiently clear during the nonrainfall
cases.

Relative humidity at 700 hPa and SLP/500 hPa geopotential
differences In the rainfall composite (Fig. 6c), the northwest-
ern corner of the AP has a range of RH between 30 and 40%,
while the northeastern corner has a range between 30 and
50%. The central part of the northern AP has an RH value
of approximately 30%.

Although the RH over the northeastern corner of the AP in
the nonrainfall composite (Fig. 6c) is comparable to the RH in
the rainfall composite, the northwestern corner appears to be

dry. The central northern AP has an RH of approximately
10%, which is lower than the RH in the rainfall composite.

At SLP, positive difference cells (Fig. 6d) are distributed
from central Africa to the east, and the two cores with the
highest difference are found over Turkey and the northeastern
region, with a value of 1.0 hPa. The highest negative differ-
ence reaches − 5.0 hPa, is located over the northern region,
and forms SLP differences with a wavy shape over eastern
Europe and northwestern Asia. Generally, a very weak differ-
ence in SLP appears over the EM, Levant and northern AP.

At 500 hPa (Fig. 6d), the highest negative geopotential
difference of – 75 gpm is located over northern Europe. The
highest positive difference, with a value of 20 gpm, is located
over the northeastern corner of the study region. Moreover,
the highest geopotential difference gradient is formed over
Europe, while a weak geopotential gradient is formed over
the Levant and northern AP.

This distribution indicates that in the rainy composite, there
is deep low pressure over Europe, a relatively sharp trough
over the northern AP and the Levant, and an extension of the
subtropical anticyclone over AP.

February

Mean sea level pressure and STJ at a pressure level of 200 hPa
In the rainfall composite (Fig. 7a), the Sudan low, with a value
of 1010 hPa, has an RST over the Red Sea and is not connect-
ed with the Mediterranean low pressure, which has a value of
1018 hPa. The Azores high, with a value of 1022 hPa, has a
ridge over northern Africa and extends to mid-Libya. The
Siberian high, with a value of 1028 hPa, has a high cell with
a value of 1024 hPa over the area between the Caspian and
Black Seas. These systems form pressure gradient areas
around the Red Sea, Iraq, Iran, and southern Europe. The
STJ (Fig. 7a) has a core with a value of 116 knots and extends
from eastern Libya to eastern Iran; i.e. the STJ is strengthened
by approximately 26 knots from its value in December.

In the nonrainfall composite (Fig. 7b), the atmospheric sys-
tems appear similar to those in the rainfall composite, except
that the Azores high weakens to 2 hPa and shifts southward
and the Mediterranean low extends throughout the
Mediterranean. Additionally, the STJ core becomes zonal,
with a value of 116 knots, and shrinks (Fig. 7b), extending
from eastern Egypt to the eastern AP; i.e., its exit is located
over the northeastern AP rather than outside of the AP, as in
the rainfall composite.

Geopotential height and vertical wind at 850 hPa

In the rainfall composite (Fig. 7c), the northern cyclone, with a
value of 1440 gpm, has a deep trough over the EM and north-
ern Red Sea. The tropical cyclone, with a value of 1510 gpm,
has a trough over Somalia. The subtropical anticyclone has
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two branches: a branch over Africa, which extends eastward
to western Egypt and Sudan and has a value of 1540 gpm, and
a branch over the AP, which extends over the eastern AP and
has a value of 1530 gpm. The wind speed at this level is
highest over the southern AP, Red Sea, and Arabian Gulf,
with a value of 10 knots, while it is lowest elsewhere over
the AP, with a value of 5 knots.

The upwardmotion (Fig. 7c) has a maximum value of − 1.0
Pa/s over the southern AP, which appears as a continuation of
tropical upward motion. Additionally, the upward motion ex-
tends northward over the AP and has a new core value of − 0.4
Pa/s over the Levant and a value of − 0.2 Pa/s eastward over
Iran. The upward motion over the AP is surrounded to the
west, north, and south by areas of downward motion, with
values of 0.6, 0.2, and 0.8 Pa/s, respectively. In the western
region, downward motion combines with upward motion over
the AP to produce a vertical motion gradient area over the

western AP and EM. The southern downward motion com-
bines with upward motion, producing a high vertical motion
gradient over the southern region. However, the northern
downward motion forms a weak vertical motion gradient over
the northern Levant.

Although the atmospheric systems of the nonrainfall com-
posite (Fig. 7d) appear similar to those of the rainfall compos-
ite, the trough of the northern cyclone shrinks northward and
becomes sharp, and the ridge of the subtropical anticyclone
over the AP shifts northwestward.

In the nonrainfall composite (Fig. 7d), the downward mo-
tion over eastern Africa, which appears in the rainy composite,
shifts eastward and has a core value of 0.6 Pa/s over the Red
Sea. A new high downward motion, with a value of 0.8 Pa/s,
appears over the Arabian Gulf and, with the Red Sea down-
ward motion area, forms a belt of downward motion separated
by the southern upwardmotion, with a value of − 0.8 Pa/s, and

Fig. 6 Maps of the geopotential height (contours, in gpm), wind (barbs,
in knots) and temperature (shading, in °C) at 500 hPa in December for a
rainfall and b nonrainfall composites. Maps of c the relative humidity in
% (contours for nonrainfall and shading for rainfall) at 700 hPa and d the

difference in the SLP (shading, in hPa) between rainfall and nonrainfall
composites and 500 hPa geopotential height (contours, in gpm) for the
December composites
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by the Levant upward motion, with a value of − 0.4 Pa/s. The
previous distribution of vertical motions produces an area with
a vertical motion gradient south of the rainy composite, rela-
tively far from the northern region and EM.

Geopotential height at 500 hPa and static stability
in the 1000–500 hPa layer

In the rainfall composite (Fig. 8a), the northern cyclone, with a
value of 5420 gpm, has a trough over the central
Mediterranean and western Africa. The subtropical anticy-
clone, with a value of 5860 gpm, has a ridge over the AP.
The wind speed at this level has a maximum value at approx-
imately 25°N and decreases northward and southward, with
the highest rate of decrease southward.

The stability (Fig. 8a) forms a belt of low stability over the
Mediterranean, with a value of 0.8° db−1, and over Iran, with a
value of 0.85° db−1. In addition, a relatively low-stability area,

with a value of 0.9 db−1, is located over the southern AP.
High-stability areas with a value of 1.1° db−1 are located over
Africa and over the Arabian Sea and, with the low-stability
belt, form areas with stability gradients around northern Africa
and the Red Sea and over the southern AP and Arabian Gulf,
respectively. Furthermore, the Mediterranean low-stability ar-
ea extends to the Levant and the northern AP and has a value
of 0.85° db−1.

In the nonrainfall composite (Fig. 8b), the atmospheric fea-
tures appear similar to those in the rainfall composite, but the
trough of the northern cyclone flattens and shrinks northward,
and the ridge over the AP is more pronounced. This situation
is similar to that on subtropical dry days (Saaroni et al. 2019)
over the southeastern Mediterranean.

The low stability over the Mediterranean, with a value of
0.75° db−1 (Fig. 8b), extends to the Levant and is connected
with the low-stability region over the northern AP, which has
a value of 0.95° db−1. Additionally, the low-stability region

Fig. 7 Maps of the SLP (isobars, in hPa) and maximum wind at 200 hPa
(shading, in knots) in February for a rainfall andb nonrainfall composites.
Maps of the geopotential height (contours, in gpm), wind (barbs, in knots)

and temperature (shading, in °C) at 850 hPa for February for c rainfall and
d nonrainfall composites
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over Iran, with a value of 0.8° db−1, extends northwest to the
Caspian Sea. The high-stability region over eastern Africa and
the AP with a value of 1.1° db−1, together with the
low-stability region over theMediterranean and Levant, forms
a stability gradient area over northern Africa and over the
Arabian Gulf.

Relative humidity at 700 hPa and SLP/500 hPa geopotential
differences In the rainfall composite (Fig. 8c), the moisture
over the northern AP and Levant ranges between 50 and
60%. Additionally, as in the previous months, the highest
moisture of 90% is found over the area between the Caspian
and Black Seas. The peak moisture associated with the Red
Sea is found over the southern Red Sea and has a value of less
than 50%.

In the nonrainfall composite (Fig. 8c), the northern AP and
Levant show RH values ranging from 40 to 50%, and the Red

Sea has a moisture content of approximately 40%, i.e., less
than 10% of that of the corresponding areas in the rainfall
composite.

Over the whole area (Fig. 8d), the SLP difference has
negative cores over the AP, northern Europe and the east-
ern corner of the area, with values of – 3 hPa, − 3.5 hPa,
and − 2.5 hPa, respectively. Two weak positive differences
with values greater than 0.0 hPa and 1.5 hPa are located
over central Africa and India, respectively. Generally, the
difference lines are oriented north to south over the western
AP and zonally over southern Europe. Additionally, the
SLP difference exhibits a lower gradient and has a relative-
ly short wave compared with the SLP difference in
January.

At 500 hPa, the highest negative geopotential height dif-
ference, with a value of – 40 gpm (Fig. 8d), is located over the
northwestern AP, while the highest positive differences over

Fig. 8 Maps of the geopotential height (contours, in gpm), wind (barbs,
in knots), and temperature (shading, in °C) at 500 hPa in February for a
rainfall and b nonrainfall composites. Maps of c the relative humidity in
% (contours for nonrainfall and shading for rainfall) at 700 hPa and d the

difference in the SLP (shading, in hPa) between rainfall and nonrainfall
composites and 500 hPa geopotential height (contours, in gpm) for the
February composites
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the eastern region, with a value of 40 gpm, are over
Afghanistan.

The previous distribution forms a geopotential difference
gradient over Africa, the EM and the AP. Moreover, the max-
imum negative geopotential difference over the AP is located
to the northwest of the SLP maximum negative difference.

Generally, the SLP difference and monthly average rain
indicate that the amount of rain increases as the pressure gra-
dient increases (and vice versa) or as the negative difference
between rainfall and nonrainfall composites increases and
spreads over the northern region, similar to the results for
rainfall in Iran (Ghasemi and Khalili 2008). The rainy com-
posite characteristics indicate the importance of the atmo-
spheric mechanisms for the development of rainfall situations,
such as the relative positions of the surface and upper troughs,
stability and vertical motion cells.

In the main rainfall month (January), the RST extended
northward and was oriented eastward to the EM with re-
spect to the nonrainfall composite; furthermore, the STJ
was not zonal and appeared to be oriented northward on
its eastern side, similar to the wet composite over the
southern Levant (Ziv et al. 2006), and exited out of the
area of interest.

In the relatively low-rainfall month of December, the
high-pressure systems were pronounced and accompanied
by a high-strength gradient, which was considered an at-
mospheric factor contributing to the low rainfall in the
region, especially the Siberian high (Kutiel 1991), while
the cyclone systems shrank or had weakened gradients,
and the STJ core shrank westerly, which formed an exit
region over the AP.

In the low-rainfall month of February, the RST was
located to the east and did not have a pronounced connec-
tion with the Mediterranean low pressure, and the Siberian
high ridge extended westward in comparison with that in
January.

Generally, the moisture distribution in different situa-
tions showed that the rainfall composite was greater than
that of the nonrainfall composite, not less than 20% of it,
except in December, when this value reached only 10%.
Furthermore, the monthly distribution showed that the
moisture in the January rainfall composite was larger than
that in the month with the second highest value, February,
by at least 10%, and the difference reached more than 40%
in December.

Vertical variability (STJ at 250 hPa)

This section describes the atmospheric features of the rainfall
composite when the January jet is located at 250 hPa instead
of the climate level of 200 hPa, which reflects the differences
in rainfall atmospheric systems with the vertical variation in
the jet.

Mean sea level pressure and STJ at a pressure level of 250 hPa

In the rainy composite (Fig. 9a), the Sudan low, with a value
of 1010 hPa, has an RST over the eastern Red Sea and extends
northward to the EM. A weak low-pressure cell, with a value
of 1018 hPa, is located over the EM but is not connected with
the RST. The Siberian high, with a value of 1030 hPa, has a
high-pressure cell, with a value of 1026 hPa, between the
Caspian and Black Seas and forms a weak ridge over the
Arabian Gulf and the Levant. The Azores high, with a value
of 1024 hPa, has a wide ridge over northern Africa. The above
systems interact and form two pressure gradient areas: a strong
one over the western Red Sea and a weak one over the eastern
Red Sea.

The STJ (Fig. 9a) has a trough shape over the Red Sea, and
the core, with a value of 104 knots, extends from the east Red
Sea to India.

In the nonrainfall composite (Fig. 9b), the Sudan low does
not change, but the RST extends to the EM and the Levant.
The Siberian high weakens, decreasing by 2 hPa, and the
high-pressure cell between the Caspian and Black Seas has a
pronounced ridge over the AP. The Azores high strengthens
by 2 hPa and has a weak ridge over northern Africa. The
effectiveness of the Azores high weakness has previously
been reported (Saaroni et al. 2019; Raymond et al. 2018) for
dry systems affecting the EM. The STJ (Fig. 9b) forms a ridge
shape over the Red Sea, and its core, with a value of 112 knots,
extends from Libya to India.

The previous systems interact and form two areas with
different gradients around the Red Sea, with the highest locat-
ed in the east.

Geopotential height and vertical wind at 850 hPa

In the rainy composite (Fig. 9c), the northern cyclone, with a
value of 1440 gpm, has a deep trough over the EM, northern
AP, and Red Sea. The subtropical anticyclone has two
branches over Africa and the AP. The African branch, with
a value of 1540 gpm, has a ridge over the Mediterranean and
Africa. The AP branch, with a value of 1530 gpm, has a ridge
over Iran and Iraq. The wind speed weakens over the northern
AP and increases in the surrounding areas.

An upward motion with a value of – 1 Pa/s (Fig. 9c) is
located over the southern AP and extends over the Levant,
with a value of − 0.4 Pa/s, and over the Mediterranean, with
a value of − 0.2 Pa/s. This upward motion appears to be con-
nectedwith tropical upwardmotion, with a value of − 1.0 Pa/s.
Moreover, an area of upward motion, with a value of − 0.4 Pa/
s, is located over the Black Sea. This area of upward motion is
surrounded by areas of downward motion over Egypt and
Sudan, with a value of 0.6 Pa/s. Furthermore, an area of down-
ward motion over Italy and the northern Mediterranean has a
value of 0.8 Pa/s. These areas of upward and downward
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motion form a vertical motion gradient area over the Red Sea
and southeastern Mediterranean.

In the nonrainfall composite (Fig. 9d), the northern cy-
clone, with a value of 1430 gpm, has two troughs: a wide
weak trough located over the Levant and the northern AP
and a deep trough located over Pakistan and India.
Additionally, two branches of the subtropical anticyclone ap-
pear: the western branch, with a value of 1560 gpm, has a
pronounced ridge over the Mediterranean and Africa, while
the eastern branch, with a value of 1530 gpm, is over the
southern AP and has a ridge over the central AP.
Additionally, the tropical cyclone, with a value of 1520
gpm, extends over the southwestern Red Sea. The wind speed
weakens around the Red Sea and strengthens in the surround-
ing areas.

Different from the upward motion in the rainfall com-
posite, the areas of upward motion in the nonrainfall com-
posite (Fig. 9d) are separated in different regions,

including over the southwestern AP, with a value of −
1.0 Pa/s; over the central Mediterranean, with a value of
− 0.2 Pa/s; and over the Black Sea, with a value of − 0.6
Pa/s. Three areas of downward motion surround the areas
of upward motion: over Egypt and the Red Sea, with a
value of 0.6 Pa/s; over the eastern AP and Arabian Gulf,
with a value of 0.8 Pa/s; and over the northeastern
Mediterranean, with a value of 0.6 Pa/s. These areas of
upward and downward motion form a vertical motion gra-
dient area over the southern Red Sea and eastern AP.

Geopotential height at 500 hPa and static stability
in the 1000–500 hPa layer

In the rainfall composite (Fig. 10a), the northern cyclone, with
a value of 5420 gpm, has a deep trough over the EM, northern
Red Sea, and Levant, which is similar to the wet RST over the
EM region (Tsvieli and Zangvil 2005). The subtropical

Fig. 9 Maps of the SLP (isobars, in hPa) and maximum wind at 200 hPa
(shading, in knots) for 250 hPa in January for a rainfall and b nonrainfall
composites. Maps of the geopotential height (contours, in gpm), wind

(barbs, in knots) and temperature (shading, in °C) at 850 hPa for
250 hPa in January for c rainfall and d nonrainfall composites
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anticyclone, with a value of 5840 gpm, has two ridges over
Africa and the mid-Mediterranean and over the Arabian Gulf.
The wind speed has a high value of 55 knots over the mid-AP
and decreases northward and southward.

The area of low stability over the Mediterranean, with a
value of 0.8° db−1, extends over northern Africa, the Levant,
and the western AP (Fig. 10a). However, the weak stability
area, with a value of 1.0° db−1, over the Caspian Sea extends
into a small area over northern Iran. The high-stability areas
over Africa, over the northern study region, and over the
Arabian Sea, with a value of 1.2° db−1, surround the
low-stability area and form stability gradient areas around
the Mediterranean and Red Seas.

In the nonrainfall composite (Fig. 10b), the northern cy-
clone, with a value of 5400 gpm, has two troughs over Iran
and over the western Mediterranean. The subtropical anticy-
clone, with a value of 5860 gpm, has a ridge over the Red Sea.

This situation is similar to that of polar dry days over the
southeastern Mediterranean (Saaroni et al. 2019), in which
the negative phase of the third mode (Dunkeloh and Jacobeit
2003) produces dryness over the Levant and a dry RST over
the EM region (Tsvieli and Zangvil 2005). The wind speed at
this level reaches 55 knots over the mid-AP and decreases
northward and southward, with a high rate of decrease
southward.

The low-stability lines over the Mediterranean (Fig. 10b)
are oriented over the Levant from west to east, rather than
from northwest to southeast, in the rainfall composite.
Additionally, a new low-stability area over the eastern study
region, with a value of 0.9° db−1, extends to Iran and the
Caspian Sea. The core of the high-stability area over Africa
extends eastward, while the high-stability area over the
Arabian Sea extends northward. These high- and
low-stability areas form a relatively weak stability gradient

Fig. 10 Maps of the geopotential height (contours, in gpm), wind (barbs,
in knots), and temperature (shading, in °C) at 500 hPa for 250 hPa in
January for a rainfall and b nonrainfall composites. Maps of c the relative
humidity in % (contours for nonrainfall and shading for rainfall) at

700 hPa and d the difference in the SLP (shading, in hPa) between
rainfall and nonrainfall composites and 500 hPa geopotential height
(contours in gpm) for the 250 hPa-January composites
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over the Red Sea and the Levant and a relatively high stability
gradient around the Mediterranean.

The vertical variation in the jet show that the rainy RST is
located to the east and has an area with a relatively high gra-
dient over the eastern Red Sea compared with that in the
nonrainfall composite. Additionally, the STJ forms a trough
shape over the Red Sea, while it forms a ridge shape in the
nonrainfall composite.

Relative humidity at 700 hPa and SLP/500 hPa geopotential
differences

In the rainfall composite (Fig. 10c), the northwestern area of
the AP has an RH greater than 60%, and the northeast area of
the AP has an RH greater than 50%. Moreover, most of the
Red Sea area has an RH value greater than 50%.

In the nonrainfall composite (Fig. 10c), the northwestern
area of the AP has an RH greater than 50%, while the north-
eastern area has an RH greater than 40%. Additionally, the
northern Red Sea has an RH of approximately 40%, and its
southern area has an RH greater than 50%. Generally, the
rainfall composite has an RH that is 10% higher than that of
the nonrainfall composite.

Two maximum SLP negative difference cores (Fig. 10d)
are located over the AP and southeastern Europe, with values
of − 3.5 hPa and − 4.5 hPa, respectively. One maximum pos-
itive difference, with a value of 4 hPa, is located over
Afghanistan. The negative difference lines are oriented north-
west to southeast over the western AP and the Levant.

At 500 hPa, the highest geopotential negative difference
(Fig. 10d) is located over southern Egypt and the adjacent
Red Sea, with a value of – 45 gpm. Two positive differences
are located over Africa, with a value of 15 gpm, and over the
eastern region, with a value of 45 gpm, over Iran.

This distribution forms a geopotential difference oriented
northeast to southwest on the western side of the maximum
negative area and north to south over the eastern side of the
AP. The maximum negative difference over Egypt is located
to the west of the SLP difference.

Conclusion

This study presented the synoptic features of winter rain asso-
ciated with STJ variability over the northern AP. An objective
method was used to specify the STJ at pressure levels between
400 and 200 hPa.

The specified STJ and the surface observations of rainfall
over the northern AP indicated that most of the rainfall and the
STJ in winter were found in the area between 25°N and 30°N,
while the STJ was located above 200 hPa.

The study indicated that in the rainfall composite, the RST
extended northward and deeply interacted with the upper

trough, the low-pressure system over the area was deepened,
and the Azores and Siberian highs intensified and weakened,
respectively. In contrast, the rain decreased when the lines of
surface low pressure were oriented farther than the
north-south direction, and the surrounding pressure gradient
decreased. Furthermore, the rain decreased when the relative
position of the negative difference core over the area shifted
southward from the northern Red Sea.

Additionally, the upper atmospheric system indicated that
the rainfall composite had a deep northern cyclone trough,
with a geopotential gradient over the northern AP and EM,
which was considered a factor that increased the area destabi-
lization or a main synoptic factor for Mediterranean rain
(Kutiel et al. 1996; Xoplaki et al. 2000; Dunkeloh and
Jacobeit 2003).

In contrast, in the nonrainfall composite, the AP anticy-
clone prevented the northern cyclone trough from extend-
ing southward or forcing the trough to form a flat shape
over the AP; i.e. stabilization increased over the area.
Maheras et al. (2000) and Dunkeloh and Jacobeit (2003)
noted that this situation decreased the cyclone frequency or
was less likely to maintain the surface low-pressure system
for a long period (Shay-El and Alpert 1991; Stein and
Alpert 1991).

On the other hand, although December appeared to be the
driest winter month, our composite cases for December
showed that the northern AP was influenced by a short period
of rainfall cases, andmost of the cases appeared to be advected
from the Mediterranean or from the region between the
Caspian and Black Seas. Moreover, a difference in the SLP
and 500 hPa geopotential height over the Middle East ap-
peared small in December, which could be explained by the
fact that the rainy systems in December were small-scale and
intensive systems; therefore, they were smoothed out in the
composite maps. Furthermore, the high negative difference
over Europe may indicate that the rainy systems over the
northern AP formed from the advection of Mediterranean
systems.

The distinctness of the rainy composite for December com-
pared to composites for January and February was observed
by Kutiel and Paz (1998) for rainfall in the southern Levant,
which may be partially attributed either to the spottiness of the
rain at the beginning of the winter rainy season or to the strong
relationship of the rain with upper layer systems (Ghasemi and
Khalili 2008).

The results of the study demonstrated that many atmo-
spheric systems, ranging from small to large scales, produced
rainy systems in the study area, but more research is needed
for full understanding. In the future, we are planning to con-
duct more studies considering the effectiveness of the phe-
nomena scales and vertical changes in the jet stream streaks
(i.e., three-dimensional study of the jet stream) for generating
rain systems.
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