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Abstract

The synoptic and dynamic characteristics of dust storm events over northern Saudi Arabia were studied during the spring season
from 1978 to 2008 using surface dust storm observations from 11 stations and meteorological data from the NCEP/NCAR
reanalysis dataset. Two-day dust-free periods were selected before and after each event to represent the pre- and post-event stages,
respectively. The synoptic study identified two synoptic systems associated with dust events, i.e., frontal systems and shamal
systems, and these systems were associated with increases in the pressure and temperature gradient over the northern Arabian
Peninsula (AP) and an eastward shift in the maximum wind as a dust storm event progressed from the pre- to post-event stages.
The dynamic study also showed that during the pre-event stage, the atmosphere was baroclinic and featured dynamic distur-
bances by frontal systems. Additionally, frontal systems resulted in slightly greater intensification than the shamal systems.
Moreover, the dynamic study demonstrated that the kinetic energy (KE) shifted eastward and the available potential energy
(APE) shifted northward through a series of regions importing and exporting KE and APE. The vertical profile of the average

energy area indicated that the main layer in which sensible heat was converted into KE was located above the dust cloud.

1 Introduction

The Saharan area and the deserts of the Arabian Peninsula
(AP), Iraq, and Syria represent major natural sources of dust
hazards affecting Africa, Southwest Asia, and the Middle East
(Middleton 1986; Prospero et al. 2002; Washington et al.,
2003; Natsagdory et al. 2003; Hamidi et al. 2013) and are
major sources of global dust, as shown by Pease et al.
(1998). The dust emissions from the AP and Middle East
deserts have been estimated to represent approximately 20%
of the total global dust emissions, based on the average emis-
sions mentioned in Ginoux et al. (2004).

Specifically, northern Saudi Arabia has been classified as a
temporary dust source area over the AP, as detected by Mashat
and Awad (2010), and is considered a region of cyclolysis
resulting in spring Saharan cyclones, as indicated by
Hannachi et al. (2011). In addition, Notaro et al. (2013) iden-
tified the Sahara Desert as a primary remote dust source for
western and northern Saudi Arabia and identified the Iraqi and
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Syrian deserts as the primary local dust sources for northern
and eastern Saudi Arabia.

The release of dust from sources in the Sahara, AP and
Middle East is frequently observed in summer (Smirnov
et al. 2002; Goudie and Middelton 2006) and spring
(Kaskaoutis et al. 2008; Ginoux et al. 2012; Yu et al. 2013;
Awad and Mashat 2014a; Rashki et al. 2014). However, ap-
propriate atmospheric conditions are needed to release and
transfer dust from its sources, as described by Goudie and
Middleton (2006). Therefore, analyses of the synoptic
features and identification of their characteristics are
important for evaluating different synoptic dust regimes and
their development, as found in Natsagdory et al. (2003) and
Awad and Mashat (2014a). Accordingly, the dust concentra-
tions in the regions downwind of the dust sources are greatly
influenced by synoptic conditions (Alpert et al. 2004a; Ganor
et al. 2010; Awad and Mashat 2014b, 2016a).

To identify the synoptic systems responsible for dust
events, Engelstaedter et al. (2006) explained the annual dust
cycle over Africa according to seasonal changes in the inter-
tropical convergence zone and the associated rainfall, while
Washington and Todd (2005) incorporated the strength of the
low-level jet as an additional factor. Additionally, Raispour
et al. (2014) found that the polar jet stream affected more than
20% of the total dust events in southwestern Iran during the
cold season. Furthermore, Shalaby et al. (2015) demonstrated
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that in winter and early spring (January—April), AP dust is
influenced by the extension of the Siberian high-pressure sys-
tem over the northern AP and the Red Sea trough over the
southern AP, and they described the importance of the domi-
nant anticyclonic wind field over the AP during dust events.
Al-Jumaily and Ibrahim (2013) showed that Iraq dust is con-
trolled by the low-pressure system over Iran and by shamal
(northerly) winds and the associated instability. Amanollahi
et al. (2015) discussed the effect of the temperature contrast
between the Mediterranean Sea and the Syrian Desert on the
occurrence and amount of dust over western Iran. Moreover,
Hamidi et al. (2013) identified shamal and frontal dust storms
as the two primary dust storm categories in the Middle East.
Shamal dust storms are produced by the interaction between
the Mediterranean high-pressure and southern Iran low-
pressure systems, while frontal dust storms are produced by
the interaction between the southern Iran high-pressure and
eastern Mediterranean low-pressure systems.

To determine the relationships among different dust
sources, Mohalfi et al. (1998) and Awad and Mashat
(2014b) demonstrated the influence of the pressure gradient
between the Azores high-pressure system and the thermal
low-pressure system located over the AP on the transport of
dust from northeastern Africa to Asia and on Mediterranean
dust episodes, which was also investigated by Gkikas et al.
(2012). In addition, Vishkaee et al. (2011) found that dust
storms are essentially triggered by the dynamic lifting of cold
fronts and their associated midlatitude troughs during the win-
ter and by the lifting of the vertical mixing produced by solar
heating during summer. In general, frontal passages, which
have strong winds associated with intense baroclinicity, are
frequently considered a trigger mechanism of dust storms, as
indicated by Hamidi (2019).

Kaskaoutis et al. (2016) defined the Caspian Sea—Hindu
Kush Index (CasHKI), which is a meteorology-climatology
index, as the difference between the spatially averaged mean
sea level pressure (MSLP) anomalies over the Caspian Sea
(CS) and Hindu-Kush (HK), and concluded that the index
was related to dynamic atmospheric changes. Furthermore,
Kaskaoutis et al. (2017) indicated that a high CasHKI was
accompanied by intensified northerly wind, which led to an
increase in dust over eastern Iran. In their analysis of cyclonic
Mediterranean system energy (which represents a transit stage
in the influence of Saharan dust on northern Saudi Arabia),
Abdel Wahab and Abdel Basset (2000) indicated that horizon-
tal flux convergence represented the main source of energy,
while the generation of kinetic energy (KE) via cross-contour
flux was the main sink of KE, except during the decay stage.

The previous dynamic analyses in studies on dust
events are insufficient to provide detailed insights into
dust events; therefore, this study focused on studying the
dynamics of dust events using the relationship between
the energy and synoptic factors in the atmosphere leading
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up to and during the production of dust events. In addi-
tion, we evaluated the changes in the regional atmosphere
after the passing of a dust event.

This paper is organized as follows. Section 2 describes the
data and methodology used. Section 3 provides the synoptic
results related to the dust storm event stages and the associated
dynamic characteristics. Section 4 discusses the results of the
synoptic and dynamic features of the dust storm event stages
and presents the conclusions of the study.

2 Data and methodology

Observations of dust intensity were retrieved from 11 surface
meteorological stations over northern Saudi Arabia (Fig. 1a).
In this study, the different dust/sand storms (WMO codes
(WW) 09 or 30-32) and severe dust/sand storms (WMO
codes (WW) 33-35) that were observed at the surface stations
were classified into a single category called dust storms
(WMO, 2005). Additionally, meteorological data with a spa-
tial resolution of 2.5° x 2.5° were derived from the National
Center for Environmental Prediction and the National Center
for Atmospheric Research (NCEP/NCAR) reanalysis for syn-
optic and dynamic studies, as described by Kalnay et al.
(1996) and Kistler et al. (2001).

The dust storm events were selected under the following
conditions:

1- A dust event was defined based on the number of contin-
uous days with observed dust storms at one or more sta-
tions in northern Saudi Arabia.

2- For each dust event selected in this study, there were at
least 2 days before and after the event time in which no
station observed dust storms. Thus, the dust storm event is
referred to as the event stage; the 2-day period before the
event is referred to as the pre-event stage; and the 2-day
period after the event is referred to as the post-event stage.

The meteorological data at 12 GMT (corresponding to
the closest time of active dust) from 1978 to 2008 were
used to study the synoptic features during the spring sea-
son. These data consist of the MSLP, the geopotential
height and horizontal wind components at 850 hPa and
500 hPa, the maximum wind at 250 hPa, the temperature
at 850 hPa, and the static stability using the formula from
Gates (1961) in the layer between the pressure levels of
1000 and 500 hPa. In addition, maps of deviations from
the climatology for each parameter were prepared for the
different dust storm event stages.

The energy equations used are those from Smith (1969;
Smith and Horn 1969; Prezerakos and Michaclides 1989),
and these equations represent the regional changes in KE
and available potential energy (APE) and their
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Fig. 1 a Average distribution of a s
dust storms (triangles) across the
weather stations. The sizes of the
triangles represent the relative
number of observed dust storms,
and the black circle represents the
closed countries or the main water
areas. b Annual distribution of
dust storms

32N

31N

30N

29N

//J
—

28|

27N

26N

@ ARABIA
e GULF

A“’“SOMA

A—{AFRBATEN

@SAUDI—ARABIA
A~

A;ASS\M

25N
34E

80
70
60
50
40
30
20
10

1978
1980
1982
1984

relationship with one another and with global energy
(Lorenz 1955; Danard, 1966; Chen and Lee 1983).

oK 0 0

—=—|V.VK+ —wK |- |V.V® + — wd|—aw-V.F (1
o [ +apw][ +apw}aw (1)
0A 0

“ v =

3 [ VA+apr}+aw+Q (2)

rp;

where A = ¢, > T isthe APE.

The left side of Eq. 1 (%’f ) represents the time change for
KE. The first term (—|:V.VK+%(UK:| ) on the right side

represents the flux convergence (horizontal and vertical) of

KE, the second term (— {V.V@—i— % wdi} ) represents the gen-

eration of KE via cross contours (GKE), the third term (—oww)
represents the conversion of sensible heat (SH) into KE or vice
versa, and the last term (—V.F) represents the dissipation of
KE

The left side of Eq. 2 (% ) represents the time change for
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KE into SH or vice versa, and the last term (Q) represents
the dissipation of APE or the rate of heating (RH).

The dynamic structure behind the development of these
dust events was investigated using 6 hourly meteorological
data and the energy budget terms of KE and APE, as has
been done in previous balance equations. The result of the
dynamic part depended on the area average, zonal vertical
cross section, and horizontal vertical average. The area
average included the terms, the conversion of SH into
KE, the vertical flux convergence of KE (VKE), the verti-
cal flux convergence of APE (VAP), and the GKE. The
zonal vertical cross section of the meridional average con-
tent, the KE and RH, and the horizontal distribution of the
vertical average contents are the horizontal flux conver-
gence of KE (HKE) and APE (HPE). The area average
was confined to 20-35 °N and 20-40 °E, which represents
the effective dust storm area over northern Saudi Arabia, as
shown in Fig. la. The units of energy, from its definition
using the meter-kilogram-second (MKS) system of units,
were measured in watts per square meter, except for KE,
which was measured in joules per square meter.

This study defined the synoptic and dynamic characteris-
tics of dust storms via the following steps:
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1- Compare the characteristics of composite event stages
with the spring climatology composite to determine
how much the atmospheric dust stages differ from
the regional climatology.

2- Compare the characteristics of each event stage with the
characteristics of the pre-event and post-event stages to
determine how much these characteristics changed
through the different event stages. These comparisons
were used to determine the favorable conditions that pre-
pare the atmosphere to produce a dust event and help
identify how much the dust event conditions change after
the dust storm moves out of a region.

3 Results
3.1 Ground-based measurement variability

The distribution of dust storms (triangles) shown in Fig.
la shows that the ALQUSOMA station has the highest
number of observed dust storms with 133 observations,
while the WEJH station has the lowest number of ob-
served dust storms with 4 observations. Generally, the
WEJH, GURAIAT, ALJOUF, TABOUK, HAIL,
GASSIM, and HAFRBATEN stations experience fewer
dust storms than the mean number of all stations (72.7
observations/season). In contrast, the TURAIF, ARAR,
RAFHA, and ALQUSOMA stations experience more dust
storms than the mean value. Furthermore, the distribution
shows that the stations along the eastern boundary have
the highest number of dust storms, while the central sta-
tions have a relatively low number of dust storms.

The monthly average distributions of “dust” and “severe
dust” storms for all stations (Table 1) show that the number of
observations increases from March to May, i.e., increasing
into the warmer months. In addition, the distribution shows
that the number of severe dust storm observations is less than
the number of dust storm observations, representing a propor-
tion of approximately 50%.

The annual distribution of dust storms, as shown in
Fig. 1b, shows an increasing trend in the total number
of observations from 1978 to 1994 and a gradually de-
creasing trend from 1995 to 2008. Moreover, the absolute

Table 1 Monthly average distributions of dust storms and severe dust
storms observed at all surface stations in northern Saudi Arabia

Month/phenomena Dust storm Severe dust storm
March 7.2 3.6
April 8.7 42
May 9.9 49
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decreasing rate in the second period is less than the abso-
lute increasing rate in the first period.

3.2 Synoptic climate patterns

To describe the synoptic features of the dust storm events, the
spring climatological situations were first described, and then
the changes in the event stages were evaluated and compared
with the climate conditions.

3.2.1 MSLP and maximum wind at 250 HPa

The map of the climate in the spring season from 1978 to 2008
(Fig. 2a) shows that the southern AP was affected by a low-
pressure cell, with a pressure of 1007 hPa, which appeared as
an extension from the Indian monsoon low. In addition, in
association with the Sudan low, the southern low-pressure cell
formed a deep trough over the eastern Red Sea, as described
by Awad and Almazroui (2016b) and Awad and Mashat
(2018), and a weak-gradient trough over the western
Arabian Gulf, which extended northward to Turkey.
Moreover, the Azores High, with a pressure of 1018 hPa,
formed a deep ridge over the Mediterranean and northwestern
AP and an area with a high-pressure gradient over the eastern
Mediterranean, Levant and northwestern AP. Furthermore, the
Siberian high-pressure system, with a pressure of 1020 hPa,
formed a ridge that extended westward over the Caspian and
Black Seas and a short weak ridge over the Arabian Gulf.

The maximum wind at 250 hPa, as shown in Fig. 2a, had a
core that extended from Libya to the eastern AP, with a max-
imum value of 98 knots. In addition, the maximum wind
formed a trough over the northern Red Sea and a ridge over
the northern AP.

In the pre-event stage, as shown in Fig. 2b, the Azores High
experienced an increase in pressure to values greater than
1.0 hPa, and it shrank westward. The Siberian High and its
ridge over the Arabian Gulf strengthened, and the pressure
increased by more than 0.5 hPa; however, the pressure over
the eastern Sahara and Mediterranean regions decreased by
more than 1.0 hPa. Additionally, the maximum wind had a
core that extended from Algeria to the mid-northern AP and
had a maximum value of 106 knots.

In the event stage, as shown in Fig. 2c, the Azores High
strengthened, the pressure increased by more than 0.5 hPa,
and the high-pressure system extended eastward. The
Siberian High weakened and shrank eastward. However, the
low-pressure system and trough over the AP and eastern
Mediterranean regions deepened to more than 2.5 hPa. The
core of the maximum wind, as shown in Fig. 2¢, extended
from western Africa to the eastern AP, and the maximum
value reached 109 knots. In addition, the core shifted south-
ward relative to the climatological position.
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Fig. 2 The composite maps of the MSLP (isobars, in hPa) and maximum wind at 250 hPa (shading, in knots) for a the spring season from 1978 to 2008
and the deviations b 2 days before a dust storm event, ¢ during the event, and d 2 days after the event

In the post-event stage, as shown in Fig. 2d, the Azores
High weakened by more than 0.5 hPa, and the Siberian High
and its ridge over the eastern AP weakened by more than
2.0 hPa. Additionally, the low pressure around the Red Sea
increased by more than 0.5 hPa. The core position of the
maximum wind, as shown in Fig. 2d, shifted eastward and
extended from Tunisia to western Iran; its maximum value
reached 107 knots, and its position shifted southward relative
to its climatological position.

3.2.2 Geopotential height, wind, and temperature at 850 hPa
The climate map in Fig. 3a shows that the northern cyclone,

with a value of 1380 gpm, had a deep trough over the eastern
Mediterranean, Levant and northern AP. The subtropical

anticyclone, with a value of 1530 gpm, had a ridge extending
from Africa to the western Red Sea. In addition, an anticy-
clonic cell with a value of 1510 gpm was located over the
eastern AP (known as the Arabian anticyclone, Raziei et al.
2012; De Vries et al. 2013; Awad and Mashat 2016a) and, in
conjunction with the cyclone over Pakistan, reached
1470 gpm and formed a geopotential gradient over the
Arabian Gulf. Additionally, an area of geopotential gradient
over northern Sahara and the Mediterranean formed between
the northern cyclone and subtropical anticyclone over Africa.

The distribution of climatological temperature, as shown in
Fig. 3a, shows a high-temperature cell (greater than 26 °C)
located over the southern AP and forming a high-temperature
ridge over the northern AP. Moreover, the high-temperature
cell over the AP formed a strip-shaped zone with a
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temperature gradient with the surrounding temperatures over
the Red Sea and over the eastern and northern parts of the AP.
Generally, the temperature distribution exhibited a more pro-
nounced gradient to the south of 45 °N than to the north of 45
°N. In addition, the wind distribution formed an anticyclonic
wind pattern over the eastern AP and a cyclonic wind pattern
over the western AP.

In the pre-event stage composite, as shown in Fig. 3b,
the anticyclonic cell over the eastern AP strengthened, and
the highest geopotential increased by at least 4.0 gpm.
However, the geopotential over eastern Africa decreased
by approximately 10 gpm, which formed favorable condi-
tions for increasing the geopotential gradient area over the
western AP, eastern Mediterranean and Levant. In addition,
the change in the geopotential increased the anticyclonic
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wind over Iraq and the northeastern AP and produced con-
vergent winds over the western AP while decreasing the
eastern wind over the northern AP.

In the event stage, as shown in Fig. 3c, the geopotential
over the northern AP decreased by more than 24 gpm, and the
geopotential decreased over the entire AP, eastern Africa and
eastern Mediterranean regions. Furthermore, the northern cy-
clone trough over Europe weakened, and the geopotential
height increased by more than 10 gpm. These developments
tended to change the wind over the northern AP and the sur-
rounding area into a cyclonic wind pattern, with the maximum
value over the northern AP.

In the post-event stage, as shown in Fig. 3d, the
geopotential center decreased, similar to the pattern in the
previous stage, by more than 12 gpm and shifted eastward



Dynamic and synoptic study of spring dust storms over northern Saudi Arabia

625

over the CS. Additionally, the geopotential increase over
Europe shifted northward and exceeded 8.0 gpm. In addition,
anew geopotential decreasing area was generated over north-
ern Africa, i.e., over Algeria, with decreases in the areas with
values greater than 4.0 gpm. These developments tended to
decrease the wind over the AP compared with the previous
event stages and changed the wind direction over the northern
AP from west to northwest.

3.2.3 Geopotential height and wind at 500 hPa and static
stability of the 1000-500-hPa layer

The climate map at 500 hPa in Fig. 4a shows that the northern
cyclone, with a value of 5480 gpm, had a deep trough over the
eastern Mediterranean and eastern Africa, while the subtropi-
cal anticyclone, with a value of 5880 gpm, had two ridges: one
over central Africa and the Mediterranean, and one over the
AP and northern Iran. In addition, high wind speeds were
observed over the Mediterranean, northern Africa and north-
ern AP, and reduced wind speeds were observed over the
northern and southern regions.

103

Fig.4 The composite maps of the geopotential height (contours, in gpm),
wind (barbs, in knots) at 500 hPa, and static stability (shading, in
deg db™") of the layer between 1000 and 500 hPa for a the spring

The climate static stability (Fig. 4a) shows that a weak
stable area runs from south to north in the middle of the AP,
with values of 0.35 deg db™' over the northern region and
0.4 deg db ' over the southern region; however, this region
is surrounded by relatively highly stable areas to the west and
east. In addition, the distribution of the stability indicated a
highly stable area over the Mediterranean, and the highest
value of 0.9 deg db~' was detected over the central
Mediterranean. The Saharan region had the lowest value of
0.45 deg db ' over central Sahara. Generally, the distribution
of stability forms a high-stability gradient over the western
AP, southern Mediterranean, or northern Saharan region and
over the Levant area. Furthermore, a small area of high stabil-
ity, with a value of 0.6 deg db !, was located over the Arabian
Gulf and formed a relatively high-gradient strip over the west-
ern Arabian Gulf.

In the pre-event stage, as shown in Fig. 4b, the trough over
eastern Africa and the Mediterranean deepened by more than
25 gpm, while the ridge over the AP strengthened by more
than 10 gpm. This change in the atmospheric system tended to
generate an anticyclonic wind pattern over the AP and formed
a geopotential gradient over the eastern Mediterranean region.

season from 1978 to 2008 and the deviations b 2 days before a dust
storm event, ¢ during the event, and d 2 days after the event
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The static stability differences from the climatological sit-
uation, as shown in Fig. 4b, formed two areas with opposite
differences. The first area had a negative difference, or de-
creased stability, over eastern Africa and the Mediterranean,
with the highest decreasing rates of —0.07 deg db ' over Egypt
and — 0.04 deg db™' over the central Mediterranean. The sec-
ond area had a positive difference, or increased stability, over
western Africa, with a maximum increase of 0.04 deg db!
over Algeria. Furthermore, the eastern AP exhibited increased
stability, with a small increase of approximately 0.01 deg db '
over the southern region.

In the event stage, as shown in Fig. 4c, the deepening
of the northern trough increased by more than 35 gpm,
and the trough shifted eastward. Additionally, the strength
of the ridge increased by more than 15 gpm. As a result of
this development, the geopotential gradient over the east-
ern Mediterranean region increased, and a cyclonic wind
pattern formed over the region, while the anticyclonic
wind pattern that appeared in the pre-event stage shifted
eastward to central Iran.

The static stability, as shown in Fig. 4c, indicated that the
two distinct areas in the previous stage shifted eastward, and
the area of lower stability was located over the AP and eastern
Mediterranean. Specifically, the highest difference of —
0.05 deg db™' was located over the eastern region, and the
area of high stability was located over Libya and Egypt, with
the highest difference of 0.06 deg db ' over Libya.

In the post-event stage, as shown in Fig. 4d, the north-
ern trough appeared to be filled, and the geopotential in-
creased by more than 5.0 gpm; additionally, the ridge over
the AP weakened, and the geopotential decreased by more
than 15 gpm. As a result of this development, a weak
cyclonic wind pattern formed and influenced the region,
and the geopotential gradient decreased.

The static stability, as shown in Fig. 4d, indicated that the
distinct areas shown in the previous stages shifted eastward,
and the highly stable area moved over Egypt, the northern AP,
and the Levant. Specifically, the highest difference of
0.05 deg db ' was found over the northwestern AP, and the
area of low stability shifted southeastward to the southern AP,
with the highest difference of —0.03 deg db ™.

3.3 Dynamic climate study
3.3.1 Vertical profiles

CSK term (—aww) The climatological vertical distribution of the
average conversion from SH to KE (CSK) throughout the
area, as shown by the black line in Fig. 5a, indicated that in
spring, the study area has a positive surface average CSK
value of 6.4 x 1072 W/m?, which indicates that the sinking
of cold air and rising of warm air occur in this region
(Margules 1903; Lorenz 1955; Kung 1966; Prezerakos and
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Michaclides, 1989). In addition, the distribution shows that
the maximum conversion from SH to KE occurs in the lower
layer and decreases with height to approximately 700 hPa,
with a value of 1x 107> W/m?, and then increases slightly
with height to 400 hPa, with a value of 1.1 x 1072 W/m>.
Above 250 hPa, the conversion decreases to negative values,
reaching a minimum value of —4 x 1072 W/m? at 100 hPa,
corresponding to the conversion of KE to SH.

The same distribution occurs in the pre-event situation, as
illustrated by the red line in Fig. 5a, except that the magnitude
of the conversion is slightly larger than that of the climatolog-
ical pattern, reaching 1.9 x 10> W/m? at 300 hPa and nega-
tive values starting at 200 hPa, with a minimum value of —
3.7 %107 W/m® at 100 hPa.

In the event situation, shown by the green line in Fig.
Sa, the magnitude of the conversion is large, with a maxi-
mum value of 7.9 x 107> W/m? in the upper layer at
400 hPa, and negative values that start at 150 hPa, with a
minimum value of —4.2 x 107> W/m* at 100 hPa. This
CSK profile is similar to the profile of the deepening phase
of intensive cyclonic activity in the Mediterranean, as de-
scribed by Prezerakos and Michaclides (1989).
Furthermore, compared with the climatological situation,
the magnitude of the conversion is seven times larger at
400 hPa and approximately two times larger at 850 hPa.

In the post-event situation, as shown by the blue line in Fig.
Sa, the distribution of the vertical conversion appeared to be
different. The conversion became negative above 700 hPa,
decreasing from a value of 0.2 x 10~ W/m? at 700 hPa to a
negative value of —4.3 x 102 W/m? at 100 hPa.

Vertical flux convergence of APE (VAP) (— % wA ) The vertical
distribution of the climatological vertical flux convergence
of APE (VAP) over the area, as shown by the black line in
Fig. 5b, indicates that the climatological atmosphere fea-
tured a vertical import of APE at all levels, but two trends
were observed in the rates. The first trend was character-
ized by a steep decreasing rate from the maximum magni-
tude at the surface of 90.5 x 10”2 W/m? to a value of 1.6 x
1072 W/m? at approximately 600 hPa. The second trend
was characterized by a slightly increasing rate from 600
to 250 hPa, with a value of 11.2 x 10> W/m?. The current
lower layer of the maximum vertical import of APE is not
pronounced in the general midlatitude cyclonic distur-
bances found by Kung and Baker (1975).

The same situation is observed during the pre-event stage,
as shown by the red line in Fig. 5b; however, this distribution
reached its minimum value at 500 hPa, with a value of 1.0
1072 W/m?, and more vertical import of APE occurred in the
upper layers above 400 hPa, with a maximum value of 16.5 x
107> W/m® at 250 hPa.

The situation is different for the event stage, as shown by
the green line in Fig. 5b; the maximum value at the surface,
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with a value of 69.8 x 10> W/m?, is less than 20% that of the
climatological magnitude, and the decreasing trend is consid-
erable and reaches the vertical export of APE at 700 hPa, with
a value of — 3.5 x 1072 W/m>. On the other hand, the increas-
ing trend started in the lower layer at 700 hPa, and when
compared with the other situations, it had a high rate and
reached a maximum value of 41.1 x 1072 W/m? at 250 hPa,
or at the layer with the maximum wind, which is in agreement
with the findings by Kung and Baker (1975) and Prezerakos
and Michielides (1989). Additionally, this value is more than
three times the climatological mean value and more than two
times the value during the pre-event stage.

In the post-event stage, as shown by the blue line in Fig. 5b,
although the situation tended to have less vertical import of
APE at the surface, with a value of 88.7 x 107> W/m?, the
region above the surface to 600 hPa appeared to have greater
vertical import of APE than all other situations. This pattern

was inverted above 600 hPa, where less vertical import of
APE occurred than that in the other situations.

Vertical flux convergence of KE (VKE) (—%wK ) The climato-
logical mean situation, as shown by the black line in Fig. 5c,
showed very low vertically exported KE in the lower atmo-
spheric layers below 700 hPa, which had a value of 0.0029 x
1072 W/m?. The vertically imported KE increased from
600 hPa, except at 300 hPa, and the maximum value of
0.126 x 10" W/m? occurred at 150 hPa.

The situation for the pre-event stage, as shown by the red
line in Fig. Sc, showed vertically exported KE in the lower
layers below 850 hPa, above which the pattern inverted, yield-
ing vertically imported KE, which reached a maximum value
0f 0.295 x 10> W/m” at 250 hPa.

In the event stage, as shown by the green line in Fig. Sc,
throughout the entire atmosphere, KE was vertically imported
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into the study area, with a very low magnitude in the lower
layers and a maximum value of 0.18 x 10~ W/m? at 300 hPa.

The vertical flux convergence of KE (VKE) in the post-
event stage, as shown by the blue line in Fig. Sc, showed that
the atmosphere in the study area had vertically exported KE,
with a very low magnitude in the lower layers and increasing
magnitudes in the upper layers, reaching a maximum value of
—0.083 x 10> W/m” at 300 hPa. However, above 250 hPa,
the atmosphere vertically imported KE, which reached a max-
imum value of 0.22 x 10~ W/m” at 150 hPa.

Generation of KE (GKE) (- LV.V¢+ 2 w| ) The climatolog-
ical profile, as shown by the black line in Fig. 5d, shows a
source of KE in the lower layers, with the highest value of
0.017 x 102 W/m? at the surface, and the values gradually
decreased with height up to 400 hPa and eventually reached
negative GKE values, with the lowest value of —0.025 x

10 W/m® at 200 hPa.

In the pre-event stage, as shown by the red line in Fig. 5d,
the source of KE is weaker than the climatological mean, with
the highest value of 0.014 x 1072 W/m? at the surface, and the
sink is stronger in the layers above 400 hPa, with the lowest
value of —0.049 x 10> W/m” at 200 hPa.

In the event stage, as shown by the green line in Fig. 5d, the
source of KE in the lower layers is strong, with the highest
value at the surface being more than 0.022 x 1072 W/mz,
which is more than 29% higher than the climatological mean
value. In contrast, the GKE was less than that of the climato-
logical mean at levels above 500 hPa, reaching a minimum
value of —0.053 x 102 W/m? at 200 hPa.

In the post-event stage, as shown by the blue line in Fig. 5d,
the profile of GKE coincides with that of the climatological
situation, except above 400 hPa, where the GKE is higher than
the climatological mean between 400 and 250 hPa and lower
than the climatological mean above 250 hPa.

3.3.2 Zonal vertical cross section

Zonal KE (KE) between 30° E and 50° E In the climatological
situation, as shown in Fig. 6a, the maximum meridional aver-
age of KE from 25° N to 35° N has a magnitude greater than
800 J/m? at approximately 200 hPa, while the high decreasing
rate of KE moves downward to the lower layers.

In the pre-event stage, as shown in Fig. 6b, two areas
with patterns that differ from the climatological situation
appeared. The western region, with positive differences
(corresponding to an increase in KE), had a value larger
than 70 J/m? at 250 hPa at approximately 30° E. The
eastern region, with negative difference values (corre-
sponding to a decrease in KE), had a difference of —
30 J/m? at 300 hPa at approximately 46° E.

The event stage, as shown in Fig. 6¢, features a posi-
tive difference, i.e., an increase in KE, with values greater
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than 100 J/m? occurring in most of the study area at
300 hPa and centered at approximately 37° E. In addition,
the distribution shows that the positive difference contin-
ued from high values in the upper levels to 10 J/m? at the
surface. Moreover, there were two areas with negative
differences. There was a small area in the eastern region
between 300 and 400 hPa with a difference of — 10 J/m?,
and there was a layer above 150 hPa in the western region
with a difference of approximately — 10 J/m?.

In the post-event stage, as shown in Fig. 6d, the core of the
maximum positive difference was transferred to the eastern
region at 300 hPa and approximately 48° E, and it had a value
greater than 50 J/m?. In addition, a negative difference layer
was observed above 150 hPa, with a core of — 10 J/m? in the
eastern region.

Zonal RH (Q) between 30° E and 50° E The climatological
distribution of the average meridional RH from 25° N to 35°
N (Fig. 6a) shows that the maximum magnitude was found in
the lower layers between 36° E and 42° E, with values greater
than 0.44 W/m”. The gradient of the vertical distribution rap-
idly decreased below 850 hPa.

In the pre-event stage, as shown in Fig. 6b, the RH in
the lower layer decreased in the western region and in-
creased in the eastern region, and the inverse was found in
the upper layers.

In the event stage, as shown in Fig. 6¢, the RH in the lower
layers was lower than the climatological mean, and the differ-
ence was less than — 0.048 W/m?, representing a decrease of
approximately 11%. This layer of low RH was thinner in the
eastern region, reaching approximately 850 hPa in the east but
approximately 300 hPa in the west. In addition, a thin layer of
positive values was found at approximately 900 hPa between
30° E and 34° E, with a difference that was greater than
0.016 W/m?. Additionally, a deep layer of positive difference
was centered in the eastern region, with a value o£ 0.012 W/m?
between 500 and 400 hPa. The positive core of the RH moved
downward from west to east and had maximum core values at
approximately 200 hPa in the western region and between 500
and 300 hPa in the eastern region.

In the post-event stage, as shown in Fig. 6d, two thin layers
with negative values appeared in the lower layer, and the
greatest difference was —0.028 W/m?. Above these layers, a
positive value was found extending from 950 to 850 hPa, with
a maximum value of 0.02 W/m?>. In addition, above 850 hPa,
negative or weak RH differences were found in the central
region at approximately 40° E. However, a positive deep layer
was found between 46° E and 50° E.

3.3.3 Horizontal distribution

Horizontal flux convergence of KE (HKE) (— V.VK) The clima-
tological distribution of HKE, as shown in Fig. 7a, shows that
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Fig. 6 Vertical zonal cross sections of the meridional average values
between 25° N and 35° N for KE (contours) and RH (shading) in a the
climatological mean state and the difference between the climatology and

KE was exported from eastern Africa to the surrounding area,
with the highest value of — 0.2 W/m? located over Sudan. KE
was imported to the northern AP, Levant and Turkey from the
surrounding areas, with the highest value of 0.3 W/m? located
over Iraq. Furthermore, KE was exported from the southeast-
em AP, Iran and Pakistan to the surrounding areas, with the
highest value of — 0.4 W/m? located over Pakistan.

In the pre-event stage, as shown in Fig. 7b, the exported KE
in eastern Africa was converted to imported KE, while the
imported KE over the northwestern AP, Levant and Turkey
increased. Furthermore, the imported KE in the northeastern
AP decreased by more than — 0.2 W/mz, while the exported
KE in the southern AP increased by more than — 0.1 W/m>.

As shown in Fig. 7c, the exported KE over eastern Africa
and the Mediterranean in the climatological situation in-
creased by more than — 0.3 W/m? in the event stage, and the
imported KE over the AP, Levant and Turkey increased by
more than 0.6 W/m?. In addition, the exported KE over the
southeastern AP, Iran and Pakistan increased, with a value of
approximately — 0.2 W/m? over Pakistan.

In the post-event stage, as shown in Fig. 7d, the exported
KE over eastern Africa and the eastern Mediterranean
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b the pre-event, ¢ the event, and d the post-event stages. Units: J/m? for
KE and W/m? for RH

increased by approximately — 0.2 W/m?, while the imported
KE over the northwestern AP, Levant and Turkey decreased
by approximately —0.2 W/m?® The imported KE over the
northeastern AP increased by approximately 0.2 W/m?, and
the exported KE over the southeastern AP, Iran and Pakistan
decreased by more than 0.1 W/m?.

Horizontal flux convergence of APE (HPE) (—V. VA) The cli-
matological distribution of the horizontal flux convergence of
APE (HPE) in the layer between 1000 and 100 hPa, as shown
in Fig. 7a, shows that a sequence of imported and exported
APE extended from the tropical African region to the AP and
northern Iran. The imported APE over the AP was surrounded
by two areas of exported APE, one over the Red Sea, which
was adjacent to the western AP, and the other over the Arabian
Gulf, which was adjacent to the eastern area of the AP. Eastern
Africa, the northern AP and the Levant had imported APE,
which may explain why the atmosphere in these regions is
baroclinic, as described by Smith (1980).

In the pre-event stage, as shown in Fig. 7b, the imported
APE over the AP increased. In addition, the exported APE
increased over the Red Sea but decreased over the Arabian

@ Springer



630

A-W.S. Mashat et al.

SE 10E 15E 20E 25E 30E 35E 40E 45E S0E 55E 60E 65E 70E 75E

-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.01 0.02 0.03 0.04 0.05 0.06

/)

OE 55E 60E 65E 70E 75E

0 5E 10E 1I5E 20E 25E 30E 35E 40E 45E 50E 55E 60E 65E 70E 75E

~-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.01 0.02 0.03 0.04 0.05 0.06

Fig. 7 Horizontal distribution of vertical average values in the layer between 1000 and 100 hPa for KE (contour) and APE (shaded) in a the
climatological mean state and the difference between the climatology and b the pre-event, ¢ the event, and d the post-event stages. Units: W/m?

Gulf and adjacent areas. Moreover, the imported APE in-
creased over northern Africa, the Mediterranean, the northern
AP, and Levant but decreased over the Saharan region.

In the event stage, as shown in Fig. 7c, two inverse se-
quences of HPE differences occurred. The northern region
experienced an increase in the exported APE over Africa
and a decrease in the exported APE over the eastern
Mediterranean and Levant. The southern region experienced
an increase in the imported APE over Africa and an increase in
the exported APE over the Red Sea, western AP, Arabian
Gulf, and eastern AP. In addition, a small area of imported
APE was found over the central AP. One of the most impor-
tant features of this stage was that the difference retained the
pattern of export and import of APE in the climatological
series; however, the exported APE was enhanced, especially
over the study area. These features may explain the tropical
midlatitude interactions that produced the eastward shift in KE
and synoptic systems, as indicated by Raju et al. (2011).

In the post-event stage, as shown in Fig. 7d, the south-
ern sequence of the event stage was still found, but it was
present in a weak form and was shifted to the southwest,
while the northern sequence became very weak and was
shifted eastward.
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4 Discussion and conclusions

In this study, the observations of dust/sand storms and severe
dust/sand storms were considered together as dust storm
cases. The distributions of the numbers of observed dust
storms demonstrated that most of the stations had fewer ob-
servations than the mean number of observations. In addition,
the stations with high numbers of observed dust storms were
located in the eastern region, i.e., close to the Syrian and Iraq
deserts. Moreover, the total monthly average of the number of
observed dust storms demonstrated that the number doubled
from March, a relatively cold month, to May, a relatively
warm month. The trends in the annual distribution of dust
storms indicated that the study period could be divided into
two periods: from 1978 to 1994, with a high rate of increase,
and from 1995 to 2008, with a low rate of decrease.

The climatology of the synoptic features, which is used as
the background for describing the atmospheric conditions of
the dust event stages, demonstrated that the AP was influ-
enced by a southern low-pressure cell that has two troughs
over the Arabian Gulf and the Red Sea. However, the
Saharan region was influenced by a pronounced pressure gra-
dient that extended from west to east across the entire Sahara.
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In addition, the Azores High and the troughs over the AP
formed an area with a high-pressure gradient over the
Levant and northwestern AP.

Generally, the interaction of the MSLP in various at-
mospheric systems formed a zonal area with a high-
pressure gradient that extended from west to east over
northern Africa in the pre-event stage, which could ex-
plain the northward transport of dust from the Saharan
region, as described by Barkan and Alpert (2010). This
area with a high-pressure gradient was oriented meridio-
nally over the eastern Mediterranean region in the event
stage and could explain the eastward transport of dust
from Africa to Asia, as described in Awad and Mashat
(2014b) and Prakash et al. (2015). This area with a
high-pressure gradient then diminished in the post-event
stage, as shown by the results of decreasing KE based on
the generation of KE. Additionally, the distribution of
pressure over the AP showed increasing pressure and sta-
bility in the pre-event stage and decreasing pressure and
stability in the event stage, which is in agreement with the
results from Karyampudi et al. (1999).

In the upper atmospheric levels, the AP was influenced
by pronounced geopotential gradients from the west, east,
and north. In addition, the northern cyclone affected the
northern AP by a trough, while the subtropical anticy-
clone affected eastern Africa. Furthermore, these atmo-
spheric systems were stronger in the pre-event stage than
the climatological mean, thereby producing a high
geopotential gradient and a strong anticyclonic wind pat-
tern, which is in agreement with the spring dust situation
described by Barkan and Alpert (2008). This change
reached its maximum strength in the event stage, and it
weakened after the dust storms passed over the region,
which confirmed the importance of the role of the
pressure gradient in dust events, as found by Barkan and
Alpert (2010) and Awad and Mashat (2014a). The trough
of the northern cyclone directly influenced the northern
AP, becoming less stable in the event stage and more
stable in the post-event stage, which is in agreement with
the findings of Hsu et al. (1999).

The temperature distribution demonstrated a ridge of high
temperature over the northern AP, which is in agreement with
the temperature conditions of the spring dust Barkan and
Alpert (2008). This ridge formed a strip of area with a tem-
perature gradient around the AP, especially in the Saharan and
Mediterranean regions. This feature has been cited by Qian
et al. (2002) as a factor responsible for increasing the frequen-
cy of dust events, and by Nasrallah et al. (2004) as a factor
responsible for generating dust over the AP. Furthermore, a
strip of area with low stability extended from west to east over
the southern Mediterranean and northern AP, with a southern
extension over the AP. In addition, a high-stability gradient
area formed over the western/eastern AP, Levant, and northern

Sahara. Obviously, the temperature distribution shows the im-
portance of the northward transport of tropical heat to the
northern AP and the importance of the temperature gradient
on the distribution of regional stability and the flux conver-
gence of APE. Additionally, APE was generated in tropical
regions and transported to the study area through a series of
areas exporting and importing APE. This process was en-
hanced in the event stage but was disrupted in the pre- and
post-event stages. Moreover, this process of tropical heat
transport was considered a factor in the generation of
Saharan dust events by Abdel Basset (2001).

The development of the atmospheric wind indicated that
the development of the anticyclonic wind pattern shifted
northward from its location in the climatological situation to
the northern AP and Iraq in the pre-event stage, which formed
a northerly (shamal) wind over Iraq and the eastern AP; this
process represents one of the dust generation factors in this
region (Barkan and Alpert 2008; Hamidi et al. 2013; Houssos
et al. 2015; Shalaby et al. 2015; Yu et al. 2016; Kaskaoutis
et al. 2017). In association with these developments, the wind
pattern over the AP changed from an anticyclonic wind pat-
tern in the pre-event stage to a very strong cyclonic wind
pattern in the event stage to a weak cyclonic and easterly wind
pattern in the post-event stage, as shown by Hamidi et al.
(2013). Additionally, the core of the jet stream intensified
and shifted southward in the event stage compared with the
intensity and position in the pre-event stage and only the in-
tensity in the post-event stage, which was different from the
results from non-storm dust, as studied by Awad and Mashat
(2016a); however, Hamidi et al. (2013) found that it was nec-
essary to produce the cyclonic wind pattern or frontal system
that accompanies the dust storm.

The energy analysis shows that the conversion of SH
into KE in the study area in the event stage was many
times greater than that in the climatological situation,
whereas the conversion was weak in the pre-event stage
and inverted in the post-event stage. Furthermore, the pro-
file data show that the maximum conversion of SH in the
event stage occurs in the upper level close to the expected
level of the dust cloud (Alpert and Ganor 1993; Duce
1995; Prospero 1996; Alpert et al. 2004b), while the max-
imum conversion in the other stages occurs at the surface.

The vertical distribution of the flux convergence of APE
indicated that the atmosphere in the study area tends to receive
(import) less APE in the dust event stage than in the climato-
logical situation or the other event stages. Moreover, a loss
(export) of APE occurs at approximately 700 hPa. However,
there is more imported APE in dust events above 600 hPa in
the event stage than in the other stages, with the maximum
import occurring at 250 hPa, i.e., close to the level of the
maximum wind. This atmospheric behavior is inverted after
the dust event passes, and the lower layer below 600 hPa
imports more APE and the upper layer imports less APE.
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The vertical flux convergence of KE demonstrated that
more KE is imported in the deep atmospheric layer in the
pre-event stage than in the climatological situation, which
means that KE is transferred from the upper layers. This
transfer increased in the event stage. In contrast, in the
post-event stage, the process is reversed, and KE is
exported throughout most of the atmosphere, which
agrees with the processes observed in Mediterranean cy-
clones by Wahab and Abdel Basset (2000).

The vertical distribution of the flux convergence of APE
and KE demonstrated that the combination of high wind
speeds and less vertically imported APE in the upper layer is
comparable to the combination of low wind speeds and high
vertically imported APE in the lower layer, i.e., the vertical
flux convergences of KE and APE compensate for each other.

Furthermore, compared with the pattern in the climatolog-
ical situation, the vertical profile of GKE indicated that the
source of KE decreased in the lower layer before the event
stage and increased in the event stage. In contrast, the KE sink
in the upper layers in the event stage was more than that in the
pre-event stage and the climatological situation, which agrees
with the results by Wahab and Abdel Basset (2000) for the
development of the Mediterranean cyclone.

Clearly, the previous discussion of the vertical profiles
shows that the main sources of KE are the vertically imported
KE and the conversion of SH into KE, while the main sink of
KE is produced by the decreasing geopotential gradient, as
demonstrated by the GKE terms. Furthermore, the discussion
indicated that in the event stage, the APE increased above
600 hPa but decreased below this pressure level, which
reflected the effect of dust clouds on the atmosphere, as ob-
served by Kishcha et al. (2003). In the case of dust storms, the
lower layers are cooled, while the upper layers are warmed.

The zonal distribution of the meridional average of KE
shows that the location of the maximum positive difference
in KE between a dust storm event and the climatological sit-
uation migrated from the west in the pre-event stage to the east
in the post-event stage. In addition, the difference reached its
highest positive value of 100 J/m” in the event stage.
Furthermore, the distribution of different values shows a deep
transfer of KE in the event stage, which is not as clear in the
other stages. This KE distribution confirmed the distribution
of the maximum wind and its maximum effect on the study
area in the event stage.

The energy processes and the change in the jet stream
in the dust stages indicated that the atmosphere in the
event stage is more integrated than that in the other
stages. In other words, in the event stage, there is good
communication between atmospheric layers.

The distribution of the RH differences indicated that the
decrease in RH started from the western region in the pre-
event stage and spread to the entire region in the event stage.
A layer of positive RH differences formed in the event stage,
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and this positive layer intensified and became thinner in the
post-event stage. Additionally, the RH difference had a high
gradient in the lower layers in the event stage, which con-
firmed the existence of cooling beneath the dust storm cloud,
as observed by Kishcha et al. (2005).

The horizontal distribution of the flux convergence
terms showed that the exported KE during the dust event
moved from the western side to the whole area and the
eastern side of the northern AP, Levant, and Turkey as the
dust storm progressed from the pre- to post-event stages.
This result indicates that the KE in the region increased as
the event developed and decreased as the event decayed.
These increases and decreases occurred through the im-
port and export of KE from the surrounding areas, as
described by Wahab and Abdel Basset (2000).

Generally, the results of this study identified the similarities
between the energy characteristics of the event stages and
those of the climatological mean state, which means that the
regional climate is highly influenced by the characteristics of
the dust storms affecting the region.
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