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Abstract: Four synoptic regimes were identified as accompanying the widespread dust in
central and eastern Saudi Arabia. The widespread cases of dust were classified based on
the value and spread of the aerosol index data from the TOMS aerosol index (TOMS AI)
satellite over the area of interest. The synoptic regimes of these dust cases were recognized
using the Empirical Orthogonal Function (EOF) analysis of their mean sea level pressure
(SLP), which was obtained from the National Centers for Environmental Prediction and the
National Center for Atmospheric Research (NCEP/NCAR) Reanalysis Project dataset. The
variations of the analyzed SLP of these four regimes appeared as meridional distributions
for the first two regimes and zonal distributions for the second two regimes. A surface
synoptic study of the first two regimes showed that the most significant features were either a
strong low-pressure system over the eastern region or a strong high-pressure system over
the western region. The synoptic features for the less significant regimes (the second two
regimes) were characterized by the interaction between the northern high-pressure belt,
which shifted northward because of the significant regime decrease, and the southern
low-pressure belt. In addition, the upper synoptic study showed that the upper synoptic
systems support the surface systems. Moreover, the study showed that the surface northerly
wind over the eastern Arabian Peninsula is the dominant wind during strong dust activity,
whereas the surface southerly wind is dominant during weak dust activity.
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1. Introduction

The Arabian Peninsula and surrounding deserts is one the major dust-source regions in the
world [1,2]; dust production in these areas is more active from April to July [3-5], and it is considered
as the most dominant source region of dust that affected Iran [6]. The dust emissions from this region
have been estimated to account for 28%, 24% and 11.8% of the total global dust emissions, according
to [7-9], respectively.

Furthermore, Mashat and Awad [10] classified the Arabian Peninsula source regions into temporary
and permanent dust regions, with the eastern region classified as a permanent dust source region. In
addition, Notaro ef al. [11] identified the Rub Al Khali Desert as the primary local dust source, the
Saharan Desert as a primary remote source for western Saudi Arabia and the Iraqi deserts as a primary
local dust source for northern and eastern Saudi Arabia.

Generally, suitable atmospheric conditions are required for lifting the dust from its source into the
atmosphere [12]. An extensive discussion of the causes of the Middle Eastern dust storms can be found
in [13].

Moreover, numerous methods have been used to identify the synoptic patterns (types) associated
with dust cases. For example, Barkan and Alpert [14] used a threshold value from the TOMS aerosol
index (TOMS Al) satellite to describe the synoptic pattern of the Sahara dusty and non-dusty seasons.
In addition, Gaetani et al. [15] used circulation-type as a classification method to specify the synoptic
characteristics of the dust transport in the Mediterranean basin. Furthermore, the climatology and
synoptic classification of 12 severe dust storms that affect the Middle East and Southwest Asia have
been directly studied using the NCEP-NCAR reanalysis data [16]. Moreover, Gaetani ef al. [17] have used
factor analysis and cluster analysis, and Jolliffe and Manly [18,19] have identified 322 aerosol episode
days, or days of unusually high aerosols, over the broader Mediterranean basin and classified them into
eight representative synoptic conditions (clusters). Further, the synoptic classifications of aerosols over
Israel for sixyears (February 2000, to February 2006) have been studied by using the
Moderate-Resolution Imaging Spectroradiometer (MODIS) Terra satellite [20].

Additional studies have focused on the atmospheric conditions that are associated with released
dust in a specific region. For example, Mohalfi et al. [21] described the relationship between synoptic
systems and dust events over the southern Arabian Peninsula and explained the role of a heat low and
the Red Sea high-pressure ridge on the generation of a tight pressure gradient and strong northwesterly
winds over Saudi Arabia in initiating dust episodes. Moreover, Hamidi ef al. [16] identified two primary
dust storm categories in northern Iran: the Shamal and frontal dust storm types. According to [16], the
relative positions of a high-pressure system over the Mediterranean region and low-pressure system over
southern Iran characterize the synoptic systems associated with the Shamal dust storms, whereas the
relative positions of a low-pressure system over the eastern Mediterranean region and a high-pressure
system over southern Iran characterize the frontal dust storms. In addition, Vishkaee ef al. [22] showed
that the dust storms in winter are primarily triggered by dynamical lifting, which is related to cold
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fronts and their associated mid-latitude troughs; in summer, however, dust storms are related to the
diurnal vertical mixing, which is related to solar heating. Interestingly, the pressure gradient between
the anticyclone and cyclone systems is a common characteristic of dust events [23-25].

In similar studies of other regions, Klose [26] found that the Sahel dust zone corresponds well to the
convergence zone located to the north of the African monsoon trough. However, Fiedler et al. [27]
highlighted that depressions are abundant and associated with 55% of the annual amount of dust
emissions over North African dust sources. In addition, a huge amount of dust from the Northeast African
desert is transported to Asia as a result of the strong pressure gradient between the Azores high-pressure
system and the thermal low-pressure system that is located over the Arabian Peninsula [25].

On the other hand, there are many studies thatused aerosol index data from TOMS satellite to
investigate the synoptic features of dust cases, e.g., Barkan ef al. [28] dust data have been used to
investigate the synoptic features accompanying cases of dust transported from Africa northward to
Italy and central Europe, while Kaskaoutis et al. [29] analyzed an intense Sahara Dust event on 16—17
April 2005, that occurred over Greece and Eastern Mediterranean. Moreover, the synoptic features
distinguishing the dusty years from non-dusty years over the Sahara have been examined and marked
using TOMS data [14].

By considering the unique conditions of the different regions regarding the synoptic features
associated with dust events, the purpose of this study is to specify the main synoptic types of the
widespread spring dust events in central and eastern Saudi Arabia. In this study, dust cases are
classified based on the ultra-violet aerosol index (AI) data collected by the TOMS satellite over the
central and eastern Arabian Peninsula. Moreover, we describe the synoptic characteristics of these dust
cases using meteorological parameters from the National Centers for Environmental Prediction and the
National Center for Atmospheric Research (NCEP/NCAR) reanalysis dataset.

The paper is organized as follows. In Section 2, the site and data are described. Section 3 describes
the methodology used. Section 4 examines the results and synoptic characteristics of the composition
and case studies of the main widespread regimes. The final section contains a discussion and the

study conclusions.
2. Site Description

The topography of the Arabian Peninsula slopes down from the high terrains (reaching 3 km) in the
southwest close to the area that borders the Red Sea toward the flatlands (ranging between 50 m and
200 m) in the northeast that are adjacent to the Arabian Gulf. The largest sand deserts in the peninsula,
Figure la, include the Rub Al Khali (which means “Empty Quarter” in Arabic), which comprises
582,750 km? and occupies much of the southern interior of the Arabian Peninsula, and the sand sea of
An Nafud, which comprises 57,000 km? on the northern Arabian Peninsula [30]. The Rub Al Khali is
connected to the sand sea of An Nafud by the Ad Dahna, a 1287 km-long sand corridor.

3. Data and Methodology

The TOMS Al is used to detect absorbing aerosols over land and water [31], and its data are defined
as the difference between backscattered radiation measured in two ultra-violet channels that provide a
linear relationship between the optical depths of the aerosols (smoke and dust) [32]. Therefore, the Al is
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proportional to the optical depth and attitude of the dust, with dust close to the surface producing a
relatively weak response in the TOMS Al [33]. We used a threshold value for the Al value as a
condition for selecting the cases and to avoid the deficiency in TOMS Al measurements (the threshold
value and its specification are discussed later in the methodology).

Figure 1. The maps represent (a) the area of study (the main areas of the Sahara are
named) and the horizontal distribution of the TOMS aerosol index (Al) for all of the cases
selected (depending on the threshold value); the inside rectangle represents the location of
the checking zone and theirrelative location with respect to the study area; and (b) the
horizontal distribution of the TOMS Al values for the widespread cases.
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Data collected from the four different TOMS satellite instruments provide over 25 years of daily
global measurements of UV radiances at three discrete wavelengths: 340, 360 and 380 nm. The data
collection began in November 1978, and continued until 2006, with a data gap from May 1993 to
July 1996. The data were collected once per day and have a spatial resolution of 1° x 1.25°
latitude/longitude. Although the datasets are collected from different TOMS satellites, they have
internal climatological consistency [34—36] and could be considered as one dataset.

The meteorological data are derived from the NCEP/NCAR Reanalysis Project [37,38] using
state-of-the-art analysis systems, which provide a dynamically consistent dataset useful for weather
and climate study. The data are collected every six hours and have a spatial resolution of 2.5° x 2.5°
latitude/longitude. The study domain is defined by the longitude 10°W—70°E and latitude 10°N—55°N.

For the difficulty of getting detailed insight into the changes in the whole atmosphere due to dust
cases, selected pressure levels and parameters are chosen, which represent lower (sea-level pressure
(SLP), 925 and 850 hPa), moderate (500 hPa) and upper (250 hPa) levels.

The meteorological data used in this study are sea-level pressure (SLP) (in Pascals), vertical
motion at a pressure level 925 hPa (in Pascal/s), wind components at pressure levels of 850 hPa and
250 hPa (in m/s) and geopotential height (in meters) and wind components at a pressure level of
500 hPa (in m/s) for the selected cases through the spring months (March, April and May) for the
period from 1979 to 2006. Because the meteorological data are available four times per day and the
TOMS Al is only available once per day, the meteorological data from 12 GMT were selected because
they are closer in time to the TOMS Al measurement time at approximately 12:00 noon.
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In this study, dust cases were chosen depending on a specific value (threshold value) of the TOMS
Al and the number of grid points that have these values inside what is called the “checking zone” area.
The checking zone is the area delineated by 23°N to 29°N and 42°E to 51°E (rectangle in Figure 1a),
which stood for a sensitive area for selecting dust cases affecting central and eastern Saudi Arabia. The
cases were selected under the condition that the value of TOMS Al must be greater than 1.823, which
is the specified threshold value and represents the average aerosol index value plus half of the standard
deviation for all of the cases that have at least one grid point inside the checking zone with a positive
Al value. The threshold value in the current study was calculated in a similar way as in [25,39], but for
central and eastern Saudi Arabia, which represents the local aerosol index value used to distinguish the
dust cases. The threshold value for the TOMS Al data has been used in many works as a limit to
specify the dust cases; for example, it was used to identify the dust cases that transit from Africa to
Asia [25] and those that affected southwestern Saudi Arabia [39], as well as to study the dust intrusion
over the Atlantic Ocean [40] and to identify global dust sources [2]. In addition, the checking zone
represents the area classified as a primary dust source region in the Middle East by [10,41] and is
considered a cyclolysis area for spring Saharan cyclones [42].

After the dust cases were selected, the SLP data for these cases were statistically analyzed using the
Empirical Orthogonal Function (EOF); the synoptic features that accompany the first four EOF modes
are discussed in this paper.

Empirical Orthogonal Function (EOF) analysis is often used in climate studies to study possible
spatial modes (i.e., patterns) of variability and how they change with time, [43,44]. In statistics, EOF
analysis is known as principal components analysis (PCA). Rather, a field is partitioned into
mathematically orthogonal (independent) modes, which sometimes may be interpreted as atmospheric
and oceanographic modes (“structures”). Typically, the EOFs are found by computing the eigenvalues
and eigenvectors of a spatially weighted anomaly covariance matrix of a field. The derived eigenvalues
provide a measure of the percent variance explained by each mode. The time series of each mode
(principle components, PC) are determined by projecting the derived eigenvectors onto the spatially
weighted anomalies. This will result in the amplitude of each mode over the period of record. By
construction, the EOF patterns and the principal components are independent.

4. Results and Discussion

The results from applying the threshold value inside the checking zone led to the selection of
1799 dusty days, which represent 78.22% of the spring days during the study period. The selected days
include 167 days classified as widespread “WS” cases, i.e., cases that include at least 65% of the grid
points of the checking zone. This ratio of dusty days refers to regions that suffer from dust during most
of the spring. In addition, Table 1 shows that most of the “WS” cases appeared in May, whereas very
few cases occurred in March.

In addition, Figure la shows the horizontal distribution of spring dusty days and indicates that
the highest dust values are concentrated over the eastern Arabian Peninsula, which is the same area
that has been regarded as a primary dust source on the Arabian Peninsula [10,41]. Figure 1b also
shows that the dust area and connection between dust in Africa and the Arabian Peninsula are
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increased in the widespread cases and that the dust in the widespread cases extends farther north and
east than the dust for all of the spring cases.

Table 1. The percentage distribution of the cases of the widespread class according to
month (i.e., March, April and May).

Class/Month March April May
Widespread 3.6% 18.6% 77.8%

4.1. Statistical Analysis of Synoptic Features

The first ten EOF modes represent 80% of the widespread cases over eastern and central Saudi
Arabia. Furthermore, the first four EOF modes cover more than 57% of the cases. For simplicity, this
study investigated in detail the synoptic features associated with these first four modes.

Figure 2. The distribution of the variation of the first four empirical orthogonal function
analyses (EOF) of sea-level pressure (SLP) for the widespread cases: (a) first EOF mode;
(b) second EOF mode, (¢) third EOF mode and (d) fourth EOF mode. The bold line
represents a zero value.
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These first four regimes are distinguished from each other as follows. In the first regime (Figure 2a),
there is a strong negative variation over most of the study region and its core of maximum values in the
northeastern region of the Arabian Peninsula. Linked with this variation is a small positive variation
with a core to the far northwest of the study region.

In the second regime (Figure 2b), the west region has a strong positive variation with a maximum
core to the northwest and is offset by a region with a relatively small negative value to the east.

In the third regime (Figure 2c¢), a relatively high positive variation appears over most of the study
region. The core of maximum positive value is located over the northern Sahara and is offset by a
regime of negative variation in the far northern area.

In the fourth regime (Figure 2d), the negative variation is spread over two areas: the weaker
variation is in the western region, and the strongest variation covers the area of the Middle East and
has a maximum negative variation located over Pakistan and Afghanistan. There is a positive variation
located to the north at 25°, with three cores of maximum variation located over the Mediterranean,
Black and Caspian Seas.

4.2. Synoptic Compositions of the Regimes

To describe the synoptic features associated with these different regimes, the strong (weak) cases,
which are represented by the most positive (negative) values in the PC modes (Figure 3), were
selected. These most positive (negative) values for the PC time series are the positive (negative) values
that are greater (less) than the value that is equal to the absolute maximum (minimum) value and half
of the positive (negative) range, i.e., values above (below) the upper (lower) line in Figure 3.

The composition of the selected positive (negative) cases represents the strong (weak) synoptic
activities that accompany the regimes, similar to the relationship used by [45].In addition, notably, the
surface wind described in the following sections depends on the traditional distribution of the wind
around the low- and high-pressure systems in the Northern Hemisphere.

Figure 3. The time series of the principal components of the EOF analysis for the (a) first
EOF mode, (b) second EOF mode, (¢) third EOF mode and (d) fourth mode.
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Figure 3. Cont.
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The synoptic features associated with the first regime show that the eastern Arabian Peninsula is

affected by a low-pressure system and that the eastern Mediterranean is affected by a high-pressure

ridge (which is composed of strong synoptic activity) (Figure 4a). This situation is similar to the

“Shamal dust storms,” which were defined by [16].

In contrast, for the very weak synoptic activity, the northeastern Arabian Gulf is affected by a

high-pressure system, and the northern Arabian Gulf is affected by a small low-pressure system in

association with a cell of high pressure located over the eastern Mediterranean(Figure 4b).

Figure 4. The distribution of the mean sea level pressure (SLP) (contours) and maximum
wind speed at 250 hPa (shaded) for the composition of the first synoptic regime for
(a) strong active cases and (b) weak active cases; and the horizontal distribution of the
TOMS Al values for the composition of (¢) strong active cases and (d) weak active cases.
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Figure 4. Cont.
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In addition, the first synoptic feature (Figure 4a) indicates that the high-pressure ridge located over
the Mediterranean interacts with the eastern low-pressure system and produces a pressure gradient over
the eastern Arabian Peninsula, which is accompanied by a relatively northerly wind. Moreover, the
maximum wind speed of 250 hPa that is associated with this synoptic feature (Figure 4a) is weaker and
shifted to the north compared to the second synoptic feature.

In the second synoptic feature (Figure 4b), the low-pressure system over the northern Arabian Gulf
is located between two high-pressure systems and produces a frontal system (recognized by a regular
wind distribution between the pressure systems) that activates the southerly wind over the eastern
Arabian Peninsula. In addition, the maximum wind speed at 250 hPa (Figure 4b) is relatively strong
and farther south compared to the first synoptic feature.

The distribution of Al for the dust compositions of the first regime (Figure 4c,d) indicates that:
(1) the maximum core of the AI is to the north for the positive values; (2) Al for the positive
composition extends farther to the north than does the negative composition; and (3) there is a
pronounced connection between the African dust and the dust over the Arabian Peninsula in the
positive composition, although the connection is not as clear in the negative composition.

The synoptic features representing the second regime are either a high-pressure system
(composition with very strong synoptic activity, Figure 5a) or a low-pressure system (composition with
very weak synoptic activity, Figure 5b) that affects the western region. In both features, the eastern
Mediterranean is affected by the high-pressure ridge in the first composition or by the high-pressure
cell in the second composition; in addition, both features indicate that the eastern region is affected by a
low-pressure system. The synoptic features of the first composition resembles the Type 1 “Shamal dust
storms” described by [16].

Furthermore, the distribution of synoptic systems in the first synoptic feature produces north-south
pressure lines over the northeastern Arabian Peninsula; therefore, the north wind flows over the northeast
region of the Arabian Peninsula. However, forthe second synoptic feature, a pressure line extends east to
west and is associated with a southwesterly wind over the northeastern Arabian Peninsula.
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Figure 5. The distribution of the mean sea level pressure (SLP) (contours) and maximum

wind speed at 250 hPa (shaded) for the composition of the second synoptic regime for

(a) strong active cases and (b) weak active cases; and the horizontal distribution of the

TOMS Al values for the composition of (¢) strong active cases and (d) weak active cases.
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Moreover, the maximum wind speed at 250 hPa that is associated with the first synoptic feature

is stronger and zonal (Figure 5a), whereas it is weak and forms a trough structure over the Arabian

Peninsula in the second synoptic feature (Figure 5b). The distribution of the wind at 250 hPa shows

that the maximum wind speed in the first synoptic feature is to the south of its position in the second

synoptic feature.

In addition, the distribution of Al for the compositions of the second regime (Figure 5c,d) shows

that: (1) the core of maximum values of the Al for the positive composition appear to the south of the

core for the negative composition; (2) the Al spreads farther north in the negative composition than in
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the positive composition; and (3) the connection between the African and Arabian Peninsula dust is
more pronounced for the positive composition.

Figure 6. The distribution of the mean sea level pressure (SLP) (contours) and maximum
wind speed at 250 hPa (shaded) for the composition of the third synoptic regime for
(a) strong active cases and (b) weak active cases; and the horizontal distribution of the
TOMS Al values for the composition of (¢) strong active cases and (d) weak active cases.
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d) Average Dust of Negative Composition

The synoptic features of the positive representative of the third regime (Figure 6a) are composed of
a belt of high-pressure systems located over the northern regions of the Sahara and the Arabian
Peninsula and a belt of low-pressure systems located to the south of this high-pressure belt. The
interaction between the high-pressure and low-pressure systems in these belts forms a pressure
gradient that covers the northern regions of the Sahara and the Arabian Peninsula. In addition, the
pressure lines form short waves over the Arabian Peninsula and a deep ridge over the eastern Arabian
Peninsula. This deep ridge produces a northerly wind over the eastern region of the Arabian Peninsula;
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this type of synoptic feature resembles a merging between Types 1 and 2 of the “Shamal dust storms”
described by [16] and is similar to the second day of the dust event (10—11 March 2009) studied by [46].

In the negative representative of the third regime (Figure 6b), there is a high-pressure belt in the
north of the region, and the eastern Mediterranean is affected by a high-pressure ridge. In addition, a
belt of low-pressure systems is observed in the south of the region, and they contain a cell of low
pressure over the northern Arabian Gulf. However, the pressure gradient between the two belts is weak
compared with that found for the positive representative, although the existence of a low cell over the
northern Arabian Gulf activates the southerly wind over the eastern Arabian Peninsula. These
conditions resemble Type 2 of the “Shamal dust storms” and are similar to the first day of the dust
event (10-11 March 2009) studied by [46].

Furthermore, the maximum wind speed at 250 hPa for the positive representative (Figure 6a) is high
in the northern Arabian Peninsula, and the wind is oriented to the northeast. However, for the negative
representative (Figure 6b), the high speed is located over northwestern Africa and it is less than 60 m/s
over the northeastern Arabian Peninsula.

In addition, the distribution of Al for the compositions of the third regime (Figure 6¢,d) shows that:
(1) the highest value of the Al for the positive composition is to the south of the highest value for the
negative composition; and (2) the connection between the African and Arabian Peninsula dusts is
relatively high in the positive composition.

For the positive representative of the fourth regime (Figure 7a), a belt of high-pressure systems
affects the northern part of the study region. One cell of this belt is located over the mid-Mediterranean
Sea and has a deep ridge that penetrates into the southern Sahara, and a shallow ridge extends toward
the southwestern Arabian Peninsula. Another cell from this belt is centered over the Caspian Sea and
creates a ridge into the northeastern Arabian Gulf. In addition, there is a belt of low-pressure systems
to the south of the high-pressure belt. This belt has deep low pressure over the Middle East, with a
main cell that is located over Pakistan and Afghanistan and a secondary cell located over the southern
Arabian Peninsula. This type of system resembles a merging of Types 1 and 2 of the “Shamal dust
storms” described by [16].

From the previous relative positions of the belts, the main low-pressure cell that is surrounded by
two high-pressure cells produces a deep trough that extends to the northeastern Mediterranean.
In addition, the closed ridges and trough produce a northerly wind over the eastern Arabian Peninsula.

However, in the negative representative of the fourth regime (Figure 7b), the main synoptic patterns
are two low-pressure systems: the first is located over the mid-Mediterranean and the second is located
over Iran. These two low-pressure systems have a weak high-pressure system squeezed between them
that contains a number of high-pressure cells; one of these cells is located over the northern Arabian
Gulf. Sequentially, this distribution of pressure systems produces a southerly wind over the eastern
Arabian Peninsula.

Moreover, the maximum wind speed at 250 hPa for the positive representative (Figure 7a) is
oriented toward the northeast, and its highest value is located over the eastern Arabian Peninsula.
However, the maximum wind speed at 250 hPa for the negative representative (Figure 7b) is oriented
to the southeast over the eastern Arabian Peninsula, and its highest value is located over
northern Africa.
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Figure 7. The distribution of the mean sea level pressure (SLP) (contours) and maximum
wind speed at 250 hPa (shaded) for the composition of the fourth synoptic regime for
(a) strong active cases and (b) weak active cases; and the horizontal distribution of the
TOMS Al values for the composition of (¢) strong active cases and (d) weak active cases.
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c) Average Dust of Positive Composition d) Average Dust of Negative Composition

In addition, the distribution of Al for the compositions of the fourth regime (Figure 7c¢,d) indicates
that: (1) for the positive composition, the maximum value of the Al is located north of the position of
the negative composition; (2) the Al for the positive composition spreads across a large area and
extends farther north than that for the negative composition; and (3) there is a pronounced connection
between the African and Arabian Peninsula dusts for the positive composition.

4.3. Case Studies for the Regimes

The case studies for certain regimes are represented by the cases at the time of maximum positive or
negative values for their own PC value.
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The SLP of the case (29 May 1984) represents the maximum positive PC value for the first regime
(shaded Figure 8a) and shows that the eastern region affected by a low-pressure system has two
centers: one is located over northern Iran, and the second is located over the southeastern Arabian
Peninsula. However, the western region is affected by a high-pressure system that extends as a ridge to
the eastern Mediterranean. The interaction between the two systems produces pressure lines over the
eastern Arabian Peninsula that extend from the north to south and a northerly wind that flows over the
eastern Arabian Peninsula; in addition, the streamlines of an 850 hPa wind (Figure 8a) confirm this flow.

Figure 8. The distribution of the mean sea level pressure (SLP) (shaded) and streamlines at
850 hPa (contour) for the first synoptic regime for (a) strong active cases and (b) weak active
cases; the geopotential height (contours) and wind vectors at 500 hPa (barbs) and the vertical
motion at 925 hPa (shaded) for (c) strong active cases and (d) weak active cases; and the
horizontal distribution of TOMS Al values for (e) strong active cases and (f) weak active cases.
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Figure 8. Cont.
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Furthermore, the previous surface synoptic features are supported by the upper trough at 500 hPa
(Figure 8c), which affects the Arabian Peninsula, and this trough is oriented from northeast to
southwest. In addition, the winds on the eastern side of the trough are stronger than the winds on the
western side, and the vertical motion at 925 hPa is upward on the eastern side, whereas it subsides on
the western side (shaded in Figure 8c).

For the maximum negative case (16 April 2003) in the first regime, the northern region is
influenced by a high-pressure system (shaded in Figure 8b); however, the effects of this system reach
the south of the study region through the extension of two ridges. The first high-pressure ridge passes
through the eastern Mediterranean to the south of Sudan, and the second ridge is located in the
far-eastern region. These two ridges surround a low-pressure system over the Middle East, and this
situation produces a southerly wind over the northeastern Arabian Peninsula that resembles the wind
arising from a frontal system. This wind flow is confirmed by the streamlines of the wind at 850 hPa
(lines in Figure 8b).

These surface systems are supported by an upper deep trough at 500 hPa over the Arabian
Peninsula (Figure 8d), which is oriented from the north to south. Moreover, the atmosphere around this
trough has two different characteristics: on the eastern side, the winds are stronger, and the vertical
motion at 925 hPa is upward (shaded in Figure 8d); whereas on the western side, the winds are
relatively weak, and the vertical motion at 925 hPa subsides.

In addition, over the eastern Arabian Peninsula, a single core of dust in the positive case is noted
compared to two cores in the negative case (Figure 8e,f, respectively). Moreover, there is a pronounced
eastward distribution of dust in the positive case.

For the positive case (22 May 1991) in second regime, the western part of the study region is
influenced by a strong high-pressure system, whereas the eastern region is influenced by a strong
low-pressure system (shaded in Figure 9a).The eastern Arabian Peninsula is also influenced by the
low-pressure systems. This distribution of pressure systems orients the surface wind to become
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westerly to northwesterly over the eastern Arabian Peninsula, and the streamlines of the wind at
850 hPa (lines in Figure 9a) appear to confirm the surface wind.

At 500 hPa, the northern Arabian Peninsula is influenced by a cyclonic trough (contours in Figure 9c)
that is oriented from the northeast to southwest. In addition, the winds on the eastern side of the upper
trough are stronger and associated with a strong upward motion at 925 hPa (shaded area in Figure 9c).

Figure 9. The distribution of the mean sea level pressure (SLP) (shaded) and streamlines at
850 hPa (contour) for the second synoptic regime for (a) strong active cases and (b) weak
active cases; the geopotential height (contour) and wind vectors at 500 hPa (barbs) and the
vertical motion at 925 hPa (shaded) for (¢) strong active cases and (d) weak active cases;
and the horizontal distribution of TOMS Al values for (e) strong active cases and (f) weak
active cases.
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Figure 9. Cont.

Dust Case of Maximum Positive Values f) Dust Case of Maximum Negative Values
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In the negative case (4 May 2004) in the second regime (Figure 9b), there are two low-pressure
systems that influence the study region: one to the far northwest, which is the strongest, and the other
to the southeast. These two low-pressure systems surround a high-pressure ridge that extends from the
high-pressure system located over the northern Caspian Sea. This distribution of the pressure systems
produces a wind over the Arabian Peninsula that resembles the wind distribution around the frontal
system. In addition, this wind system is confirmed by the streamlines of the wind at 850 hPa (lines in
Figure 9b).

At 500 hPa (Figure 9d), the Arabian Peninsula is influenced by a deep cyclonic trough that is
oriented from north to south, and the values of the wind do not change around the trough. The vertical
motion to the eastern side of this trough at 925 hPa is strongly upward (shaded in Figure 9d), whereas
on the western side of the trough, the vertical motion is weakly upward or subsides.

In addition, it is clear that the positive case has a higher TOMS Al value over the Arabian Peninsula
than the negative case (Figure 9e.f; respectively). Furthermore, the dust distribution in these cases
shows that the high TOMS Al values in the negative case are concentrated over the eastern Arabian
Peninsula, whereas they are distributed over the peninsula in the positive case.

In the positive case (30 April 2003) in the third regime (Figure 10a), there is a belt of high-pressure
systems at approximately 40°N that influences the Arabian Peninsula through a ridge that reaches
the south of the peninsula. Concurrently, the southeastern region is affected by a low-pressure system
that influences the eastern Arabian Gulf through a trough. According to the above description, the
eastern Arabian Peninsula is affected by a northerly wind produced by the interaction between the
previously noted ridge and trough. In addition, the distribution of the streamlines of 850 hPa wind (lines in
Figure 10a) supports the surface wind flow. Furthermore, the previous surface systems are combined at
500 hPa with an anticyclone over the Arabian Peninsula and a shallow trough over Iran (Figure 10c),
which produces a zonal wind over the Arabian Peninsula. Concurrently, the vertical wind at 925 hPa
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exhibits sequences of upward motion, subsidence and then upward motion over the western and
eastern Arabian Peninsula and eastern Arabian Gulf, respectively (shaded in Figure 10c).

Figure 10. The distribution of the mean sea level pressure (SLP) (shaded) and streamlines
at850 hPa (contour) for the third synoptic regime for (a) strong active cases and (b) weak
active cases; the geopotential height (contour) and wind vectors at 500 hPa (barbs) and the
vertical motion at 925 hPa (shaded) for (c) strong active cases and (d) weak active cases; and
the horizontal distribution of TOMS Al values for (e) strong active cases and (f) weak
active cases.
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Figure 10. Cont.
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In the negative case (4 May 1992) in the third regime, there is a high-pressure belt in the north of
the study region that extends as a high-pressure ridge into the eastern Mediterranean (shaded in
Figure 10b). Concurrently, the zonal area at approximately 25°N is affected by a low-pressure belt that
has centers over North Africa, the northern Mediterranean and Iran. Additionally, there are numerous weak
low-pressure cells spread throughout the Arabian Peninsula. As a result of the adjoining of a relatively
deep low-pressure cell over Iran and a weak low-pressure cell over the Arabian Peninsula, a weak
northerly wind is produced over the eastern Arabian Peninsula. Moreover, the distribution of the wind
at 850 hPa (streamlines in Figure 10b) shows that the wind is westerly over the northern Arabian
Peninsula and northerly over the eastern Arabian Peninsula.

In addition, at 500 hPa (Figure 10d), the Arabian Peninsula is affected by a high-pressure ridge that
is surrounded by two low-pressure troughs. As a result of this situation, a northwesterly wind is
generated over the eastern Arabian Peninsula. Moreover, the vertical motion at 925 hPa is upward over
the northeastern Arabian Peninsula and subsides over the southeastern Arabian Peninsula (shaded area
in Figure 10d).

The distribution of TOMS Al values illustrates that the high values of dust in the positive case
(Figure 10e) are parallel to the Arabian Gulf and northern Arabian Peninsula, whereas the high values
in the negative case (Figure 10f) are concentrated over the eastern Arabian Peninsula. In addition, the
connection between the dust over Africa and that over the Arabian Peninsula is more pronounced in
the positive case (Figure 10e).

In the positive case (16 May 1990) in the fourth regime (Figure 11a), two high-pressure systems
influence the study region: one is located to the east (weakest) and has a ridge that penetrates
southward to the Sahara, and the other (strongest) is located in the northeast region and has a ridge that
extends to the south of Iran. These two high-pressure systems surround a low-pressure cell located
over the northern Arabian Peninsula. This situation produces a distribution of wind over the Arabian
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Peninsula that resembles the winds over a frontal system. These wind conditions appear in streamlines
at 850 hPa (Figure 11a).

Figure 11. The distribution of the mean sea level pressure (SLP) (shaded) and streamlines
at 850 hPa (contour) for the fourth synoptic regime for (a) strong active cases and (b) weak
active cases; the geopotential height (contour) and wind vectors at 500 hPa (barbs) and the
vertical motion at 925 hPa (shaded) for (¢) strong active cases and (d) weak active cases;
and the horizontal distribution of TOMS Al values for (e) strong active cases and (f) weak
active cases.
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This surface situation is supported by the upper pattern at 500 hPa (Figure 11c); an anticyclone is
located over the Arabian Peninsula, and two cyclones are located over the eastern Mediterranean and
northeastern part of the study region. The interaction between these patterns produces a southwesterly
and northwesterly wind over the western and eastern Arabian Peninsula, respectively. Concurrently,
the vertical wind at 925 hPa exhibits a sequence of upward motion, subsidence and then upward
motion over the western and eastern Arabian Peninsula and the eastern Arabian Gulf, respectively
(shaded area in Figure 11c); the upward motion over the eastern Arabian Gulf is stronger.

In the negative case (9 March 1988) in the fourth regime (Figure 11b), a belt of low-pressure
systems is located at approximately 40°N and contains a western low-pressure system located over the
northern Mediterranean and an eastern low-pressure system located over Turkmenistan. The eastern
low pressure affects the Arabian Peninsula by extending a low-pressure trough to the south of the
peninsula that ends in a low cell. Concurrently, the north of the peninsula is affected by a high-pressure
ridge that extends from a Saharan high-pressure system, whereas the south of the peninsula is affected by a
high-pressure system located over the Arabian Sea. This situation produces a northerly and southwesterly
wind over the northeastern and southern peninsula, respectively, and at 850 hPa, the previous surface wind
becomes northwesterly and southwesterly, respectively (streamlines in Figure 11b).

At 500 hPa (Figure 11d), the Arabian Peninsula is affected by a strong zonal wind. At the same
time, the vertical wind at 925 hPa appears in a sequence of pronounced upward motion, subsidence
and then upward motion over the western and eastern Arabian Peninsula and eastern Arabian Gulf,
respectively (shaded area in Figure 11d); the upward motion over the eastern Arabian Gulf is stronger.

In addition, the dust distribution of this regime shows that the dust distribution in the positive case
(Figure 11e) extends north to south, whereas it extends west to east in the negative case (Figure 11f).
Furthermore, the connection between the dust over Africa and that over the Arabian Peninsula is more
pronounced in the negative case (Figure 11f). Moreover, the high value of the dust in the positive case
is located to the north of its position in the negative case.
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5. Conclusions

In this paper, we have described the main types of synoptic features associated with the widespread
“WS” spring dust cases over central and eastern Saudi Arabia, which were detected and specified
through the application of a threshold value (1.823) for the TOMS AI data inside an area called the
checking zone (delineated by 23°N to 29°N and 42°E to 51°E). Approximately 1799 dusty cases were
found; however, only 167 cases were classified as a “WS” case. Moreover, most of the widespread
cases appeared in May, whereas very few occurred in March. Furthermore, the statistical analysis of
SLP of those “WS” cases indicated that there were four EOF modes that covered more than 57% of the
cases, which presents that the most pronounced regimes of SLP are associated with the widespread
spring dust cases over central and eastern Saudi Arabia. The description of these four modes showed
that the SLP variations in the first two regimes are meridionally distributed, whereas the variations in
the second two regimes are zonally distributed.

The synoptic features of these regimes were studied based on the composition of their strong (weak)
cases and by the two cases that represented the strongest (weakest) synoptic activity for each regime.

The results showed that two of the most important synoptic features associated with the widespread
cases in the central and eastern Arabian Peninsula were either the existence of a strong low-pressure
system over the eastern region or the existence of a strong high-pressure system over the western
region. These features were associated with the existence of a weak high-pressure system over the
western region or a weak low-pressure system over the eastern region, respectively. All of the regimes
over the eastern Mediterranean were concurrently affected by either a high-pressure cell or a
high-pressure ridge.

The synoptic features of the third and fourth regimes were characterized by the interaction between
a northern belt of high-pressure systems and a southern belt of low-pressure systems. The location of
the high-pressure system belt in the third regime was to the south of the belt in the fourth regime.

In addition, the synoptic study of the regimes showed that the surface northerly wind over the
eastern Arabian Peninsula was the dominant wind for the strong activity cases, whereas the surface
southerly wind (frontal system) was the dominant wind for the weak activity cases. These findings are
consistent with the study by [11], which identified the Iraq (northern) and Rub Al Khali (southern)
deserts as the primary dust sources for central and eastern Saudi Arabia, respectively.

Similarly, the synoptic study showed that the upper synoptic systems supported the surface systems.
Moreover, the distribution of the Al values for the different regimes indicated that: (1) the core and
northward extension of the dust distribution followed the position of the maximum wind speed at
250 hPa; whereas (2) the link between the dust over the Arabian Peninsula and Africa was more

pronounced for the strong activity cases.
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