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ABSTRACT

This work aimed to investigate the effect of the perturbations in Mediterranean Sea surface temperature (SST) on the development and
track of a desert depression which occurred on 22 to 25 March 2003. The desert depression formed over Algeria in the lee of the Atlas
Mountains on 22/00 March in response to midlatitude trough intrusion. It migrated eastward with a high speed and reached Egypt
24/12 March before exiting the northeast African continent toward eastern Mediterranean Sea on 25/12 March. The horizontal scale of
the cyclone at the surface varied between 800 and 1000 km during its lifetime, while on the vertical the cyclone extended over 8 km.
The cyclone was characterized by a surface pressure anomaly of about 9 hPa with respect to the environment, a pronounced rise of
temperature (about 8° C above normal), and strong southerly surface wind that cause rising sand and sand storm over North Africa.
Ten simulations in this study are conducted using the Weather Research and Forecasting coupled with Chemistry Model (WRF-
Chem) to explain the Sensitivity of our depression to perturbations in Mediterranean SST. The simulations conclude that the model
was able to reasonably reproduce the structure, lifetime, and trajectory of the cyclone. Also, it’s found that a warmer sea increases the
surface latent heat fluxes and the upward moisture, favoring development of convection in the storm. The dust was transported all
around the cyclone leaving a clear eye at its center and was lofted to altitudes as high as 7 km, becoming subject to long-range
transport.

Keywords
WRF-Chem, Desert depression, Mediterranean Sea surface temperature, structure of the desert depression, lifetime of the desert
depression, trajectory of the desert depression, dust transported in the desert depression.

1. INTRODUCTION

Among different weather phenomena that occur in subtropical Africa, one stands out as being most unpleasant for the population of
this area, most hazardous for transport and navigation, most world-wide known, and at the same time most mysterious for
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meteorologists in terms of its general characteristics, origin and development. The phenomenon in question most frequently appears as
a strong southerly (or southeasterly), hot, dry and dust laden wind causing occasional severe sandstorms over North African countries
[11[2][3]. In the meteorological literature, this wind is usually referred to as chili in western Arab countries, Gibli in Libya and
Khamsin in Egypt [1]. North Africa is the world’s most important dust source area [4]; providing an estimated dust production of 50%
of the global annual total [5][6]. For Saharan dust emission, numerous atmospheric processes on synoptic, regional and local scales
provide the meteorological conditions suitable for dust mobilization over areas rich in deflectable sediments [7].

Dust storms have been documented to be associated with high near surface wind speeds resulting from the downward mixing of
momentum from the nocturnal low level jets (LLJs) [8][9][10][11]. Dust emission over the Sahara has also been shown to be
connected with the low-level dynamics associated with the penetration of an upper level trough to low latitudes [12][13][14][15].
Furthermore, heavy dust storms over North Africa, especially in winter and spring time, have been reported to be associated with
Saharan depressions [11][16][17][18][19]. The development of these Saharan depressions, mostly in the lee of the Atlas Mountains, is
favored by the strengthening of the meridional temperature gradient over northern Africa in this time of the year. They frequently
bring strong winds and sandstorms [18], with dust transported over long distances, affecting the Mediterranean Basin [20]. [21] have
noted that the most Saharan dust transport toward Europe occurs in spring and is caused by intense cyclones traveling eastward that
pass the North African coast of the Mediterranean.

There is a lot of literature on the impact of SST on tropical storms [22], however the effects of SST on extra-tropical cyclones have
been the object of only a few case studies [23][24]. Indirect appreciation of SST impact on extra-tropical cyclone intensity can be
found in a few climatological studies, where a moderate positive effect of SST on the number of intense storms is establishing
[25][26][27]. [28] suggest that variability in the SST gradient can cause changes in low-level atmospheric baroclinicity that force
variability in the storm tracks. In this work the impact of Mediterranean Sea surface temperature perturbations on the evolution
and track of a desert depression is analyzed by numerical simulations.

2. EXPERIMENT DESIGN

In this study the effects of Mediterranean SST changes on the movement and development of the desert cyclone investigated. To make
clear the role of SST and air—sea fluxes in the dynamics of the cyclone, ten hydrostatic synoptic simulations performed. The
simulations in this study conducted by WRF-Chem Model (version 3.8.1), a control simulation (SST0) performed followed by nine
other runs in which the SST increased from 1 K (SST1) to 9 K (SST9). Most of these variations may seem too large and unrealistic
even in a warmer climate; however it is our intention to explore how large the effects of such SST variations might be on the
development, in terms of mean sea level pressure (MSLP) and wind speeds, of a desert depression. The numerical simulations started
at 00 UTC 22 March 2003. Six-hourly 0.1°x0.1° NCEP FNL analysis data provided as initial and boundary conditions. The model
domain was 270x175 grid points with 30 km horizontal resolution and 31 vertical levels. The model domain chosen to limited by a
box spanned between the following geographical coordinates: 30°W, 5°N and 60°E, 50°N, which covers Southern Europe with most of
the North-Africa and the Western Asia (Figure 1).
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Fig.1: Terrain height of the model domain.
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3. SYNOPTIC DISCUSSION

During 22 to 25 March 2003, most stations in Algeria, Libya and Egypt observed a vigorous sandstorm. On March 24/00 UTC, the
surface stations in west Egypt reported the storm in this area with visibility of a few meters. The storm continued is active in Egypt
until 25/12 UTC, then the visibility improved, the storm calmed down completely in 25/18 UTC March. The main synoptic feature of
the surface at 22/00 March 2003 is an anticyclone centered over Europe and Mediterranean extending southerly to cover the middle
and east of northern Africa (Figure 2a). An inverted weak trough on the northern west coast of Africa associated with a thermal ridge
which is a part of the dominant baroclinic zone extending parallel to the southern Mediterranean coast (Figure 2a). During the next 12
hour, the short wave in the mid and lower troposphere was shifted slightly southeast ward developed (Figure 2b, 3b). By 23/00 March,
this short wave trough moved eastward to become over west Libya at the surface (Figure 2c). At lower layer the differential heating
associated with the southerly flow reinforces the baroclinic zone in turn. The net result is that the boundary layer air warmed and dried,
while an anticyclone developed behind the depression over the Mediterranean accompanied with cold advection. Figure 2d shows that
the cyclone moved eastward and affected middle and east of Libya on the 23/12 March, it elongated southwards. The cyclone started
to move with speed of more than 60 km/hr south the Mediterranean coast producing a storm over the area of the north Sahara reaching
west of Egypt during 24/00 March (Figure 2e). Although the center of the cyclone was over the north of Egypt and the eastern
Mediterranean during the next day (25 March), a moderate sandstorm continued with a gradual decrease in its activity (Figure 2f, g).
Figure 3 illustrates the horizontal distribution of geopotential height and temperature at 700 hPa from 22/00 to 25/12 March 2013. At
700 hPa, an upper trough over northwest Africa appeared as extension of the traveling depression that occurs over northeast of
Mediterranean and Turkey (Figure 3a). At 22/12 March, a cut-off low formed and a well-defined cyclone becomes clear over
northwest Africa. By 23/12 March the cut off low moved eastward as it is weakening. During the period 24/00 to 25/12 March the
main cyclone is situated over east Mediterranean (Figure 3e-3h).

The NCEP FNL analyses enabled the description of the structure of the cyclone. They showed a desert depression of a horizontal scale
at the surface of 800-1000 km with a vertical extent of 8 km in altitude and a surface pressure anomaly of 9 hPa. Its warm front was
marked at the surface by an increase in temperature of 5°C; its cold front was typified at the surface by a drop in temperature of 8°C
and an increase in 10 m wind speed of 15 m s—1.

4. RESULTS AND DISCUSSIONS

Please use a 9-point Times Roman font, or other Roman font with serifs, as close as possible in appearance to Times Roman in which
these guidelines have been set. The goal is to have a 9-point text, as you see here. Please use sans-serif or non-proportional fonts only
for special purposes, such as distinguishing source code text. If Times Roman is not available, try the font named Computer Modern
Roman. On a Macintosh, use the font named Times. Right margins should be justified, not ragged.

4.1 The Control Experiment (SSTO0)

We begin our discussion by comparing the results of the control simulation (CON) with the corresponding observed
(reanalysis ECMWF). Figures 4a- h depicts the results of the CON simulation; it shows the analysis of mean sea level pressure. By
comparing it with Figures 2a- h, it can be see that the CON simulates the development successfully. In the 48h forecasts, the model
simulates development with 2 hPa decreased in the central pressure. In fact the forecast central heights of 850 and 500 hPa is nearly
the same as the observed (not shown). The simulated trough is as deep as that observed and the trough line tilted northeast- southwest
similarly to the observation. Another notable feature of the CON is the correct prediction of enhancement and movement of the
subtropical jet (STJ) and low level jet (LLJ). It gives a good simulation of the STJ and LLJ prior to the major development (not
shown), the 24 h simulated STJ is amplified and the location of the jet streak is at the right position. The maximum wind speed reaches
55 m/s at March 23/12 UTC. After 48 h simulation (March 25/12 UTC) the core of the STJ moved northeastward to become over
north Egypt and the associated maximum becomes more than 65 m/s (not shown). The southerly LLJ is also strengthened after 24 h
forecast with a maximum speed 20 m/s over south Libya (not shown). Also, with the movement of the cyclone to northeast the LLJ
moved northeastward and its maximum speed decreases to 25 m/s. In view of the discussion above, the CON simulation successfully
reproduces the major features of our cyclone; thus, we can assume that the processes involved in the cyclone’s development
can investigated with this numerical model.
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Fig.2: The horizontal distribution of Mean Sea Level Pressure and temperature (color) during the period 22/00 to 25/12
March 2003.
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Fig. 3: The horizontal distribution of 700 hPa height contour in 20 m interval and temperature (color) during the period
22/00 to 25/12 March 2003.
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Fig.4: The horizontal distribution of Mean Sea Level Pressure and temperature (color) for control simulation during the period 22/00
to 25/12 March 2003.
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4.2 Role of SST on Storm Evolution

The simulated mean sea level pressure, dust concentration and wind speeds compared as functions of SST as well as the modeled
surface latent heat and moisture convergence. This comparison covers the first 72 hours of the storm evolution, until the cyclone was
over Egypt. The domain of calculations has 24x43 grid points covering the center of the cyclone throughout its live cycle.

4.2.1 Pressure, 10 m Wind Speed: Sensitivity to SST
Figure 5 shows the minimum values of the mean sea level pressure (MSLP) of the center of the cyclone throughout its live cycle, for
the control run (SSTO) and SST9 experiments. It’s clear that there is no difference of minimum MSLP between SSTO and the all other
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runs during the period from 22/00 UTC up to 24/18 UTC. A small difference of minimum MSLP appears with the beginning of 25/00
UTC at the end of the period of our study. Figure 7 illustrates the track of our cyclone for SSTO and SST9. It is obvious that the
cyclone have the same track for SSTO and SST9 during the period from 22/00 UTC to 25/12 UTC, which means that there is no
difference in the central pressure and track of the cyclone where it moves over the desert.
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Fig.5: Minimum of MSLP [hPa] over area cyclone active as a function of SST anomaly.
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Fig.6: Maximum of 10 m wind speed (ms™) over area cyclone active as a function of SST anomaly.
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Fig.7: cyclone track for control experiment SSTO and SST9.
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Figure 6 shows the maximum values of wind speed at 10 m over the cyclone area for the control run (SST0) and SST9 experiments
during the period of study. Generally, the maximum values of wind speed increase when the center of the cyclone approaching the
south coast of Mediterranean, while it decrease when the center of the cyclone move away the Mediterranean coast. When the cyclone
approaching the Mediterranean the gradient of pressure and temperature increase causing increase of the surface wind. So, the higher
increase of maximum wind appears during the end period when the cyclone becomes over the northeast of the Mediterranean.
However, the impact of SST on maximum wind speed is not significant during the period from 22/00 to 23/18, a small differences of
maximum wind speeds appears from 24/00 to the end of study.

4.2.2 Surface latent heat flux

Air-sea interaction has long been recognized as one of the factors leading to explosive cyclones. The seas provided heat, through
sensible and latent surface heat fluxes, and water vapour through the evaporation and convergence of moisture. Evaporation associated
with positive surface latent heat flux, i.e. the sea provides energy to the atmosphere. Figure 8 illustrate the area average of the surface
latent heat fluxes, the average was obtained over a varied box (24x43 grid points) covering the central area of our cyclone during the
period of study. Figure 8 shows that there is no difference of LHF for simulations SSTO and SST9 during the period from 22/00 to
23/06. A considerable difference appears between 23/06 and 23/18 with a highest value at 23/12, the difference reaches about
60W/m2.
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Fig.8: Area average of latent heat flux at surface for simulations SSTO and SST9.
Figure 9 illustrates the horizontal distribution of the surface latent heat fluxes for simulations SSTO and SST9 at 23/12 UTC. It is clear
that, the surface latent heat fluxes in the control simulation are less than that corresponding of SST9 experiment (Figure 9a, b). The
higher values of surface latent heat fluxes of simulation SST9 appears in the region of the cold air outbreak over the Mediterranean Sea
and south of Europe. The larger the SST anomalies, the higher the surface latent heat fluxes, an unsurprising result, not only because of
a warmer sea, but also because of the deeper cyclone and higher wind speed, after that cyclone move fare away from coastal line to
south so again there is no significant difference of LHF between the two simulations (SSTO0 and SST9) occurs.
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Fig.9: The horizontal distribution of the surface latent heat flux for simulations SSTO and SST9 at 23/12 March.
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4.2.3 Surface Heat Flux

It is known that the main features of our desert depression are very hot weather, dry and strong southwesterly winds tends to occur
over northern Africa and passes over a strong baroclinic zone extending from west to east parallel to the southern Mediterranean coast.
Figure 7 illustrates the track of our cyclone for SSTO and SST9. It is found that the cyclone have the same track for SSTO and SST9
during the period from 22/00 UTC to 24/12 UTC, which means that there is no difference in the central pressure and track of the
cyclone where it moves over the desert . Also, we found that the difference in the track of the cyclone occurs and becomes significant
during the period from 25/00 UTC to 25/12 UTC, where the track of SST9 during this period becomes over the Mediterranean Sea.
The above discussion indicate why the differences in heat flux at surface (over varied grid point box covered cyclone activity area) for
simulations SSTO and SST9 appears during the period 24/12 UTC to 25/12 UTC (Figure 10) are small.

340

——uhf_run0 =——uhf_run9

w w W

o = N W

o O o o
1 1 1 1

290 ~
280 -

Area Avg. og UHF at Surface
(W/ma

270 A

260

s

AV

e

UTC TIME (ddfh) March, 2003

Fig.10: Area average of surface heat flux for simulations SSTO and SST9.

4.2.4 Surface Moisture Flux

The track of our cyclone (Figure 7) illustrates that, it moves over the desert of North Africa throughout the period of study except at
25/00 UTC. Figure 11 shows the area average of the surface upward moisture flux throughout the period of study. Obviously, there is
no considerable difference of the surface upward moisture flux between the two simulations (SSTO0, SST9) during the period of study
except at 25/00 UTC where the cyclone becomes over east of Mediterranean. It is clear that once more vapour reaches the atmosphere
it contributes to the adiabatic processes that play an important role in increasing the surface upward moisture flux in the last time
(25/00 UTC).
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Fig. 11: Area average of upward moisture flux at surface.
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Fig. 12: Dust concentration over surface for SSTO and SST9 simulations (shaded pattern) interval color 100 ug/kg.
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4.2.5 Dust Concentration

This situation was typically dust storm weather case at early spring season. Also, here the model experiments are carried out using
WRF-Chem Model version 3.8.1, which able to predict dust transport along with the meteorology. We will focus only on the
simulation of dust particles, five discrete size bins of dust particles were considered, with idealized spherical shapes whose radii range
from 0.1 to 8.0 pm. The five dust bins in the model are 0.5:1, 1.4:2, 2.4:3, 4:4.5 and 5:8.0 um, with corresponding effective radii of
0.5,1.4,2.4,4.5, and 8.0 um for SSTO and SST9 simulations. Figures 12 display the horizontal distribution of dust concentration, the
wind speed and direction associated with the cyclone development at only four times for each simulation (22, 23, 14 and 25 March at
1200 UTC). Generally, the patterns of dust concentration for the two simulations during the four times are similar. Also, the shape of
dust of the two simulations at different times is nearly similar to the corresponding synoptic pattern that was affected by the wind field
which has a dynamical role in the movement and distribution of dust. Figure 13 illustrates the time height variation of the area average
of dust concentration throughout the period of study. Generally, it shows that the lowest values of dust concentration occurs at the
cyclone formation (22/06 and 22/12 UTC) and when the cyclone becomes over the Mediterranean (24/12 to 25/00). The higher values
of dust concentration appears in association the period of cyclone activity from 22/12 to 24/06 UTC.

On 22/00 March when the center of the cyclone was formed over south western Algeria, the greater part of southern and eastern
Algeria as well as western Libya was covered by a heavy dusty layer which was uplifted previously at the beginning of cyclogenesis
(Figure 12). Figure 13 shows a considerable amount of dust located in the lower troposphere below 900 hPa; the dust was present
within the convergence area between a relatively cold air mass from west and northwest of the cyclone with the south and southeast
warm air. The dusty layer seemed to be well mixed through 1.5 km in altitude due to the turbulence associated with the cyclone cold
front. To the north west of the dust plume, sparse clouds at 8 km above the surface, corresponding to the western edge of the cyclone
associated cloud cover (not shown).

The cyclone moved eastward to become located over west Algeria, Tunisia and western Libya in 23/00 March (Figure 2c), its dense
cloud band reached south of 300N. The strong winds associated the cold front provided the dynamical forcing to lift large amount of
dust over west Algeria, Tunisia and west Libya. High dust load was transported within the northern branch of the cyclone associated
with the strong south and southwesterly winds of the western edge of the cyclone (figure 13). During 23/00 to 24/18 March (Figure
13), the highest layer of dust concentration was between the ground and 2.5 Km in altitude. Further north, a heavy dust layer extended
from the ground to 3 km in altitude between 26°N and 33°N. In this region, where strong turbulent mixing associated with the cyclone
cold front is expected, vertical mixing of dust was apparent (Figure 13). Furthermore, a layer of lesser dust content associated with the
region near the cyclone center was observed between 3 and 7 Km in altitude where strong upward motion is present (Figures 13).
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Fig. 13: Time height cross section of dust concentration over model levels for SSTO simulation.

On 24/00 the cyclone becomes located over east Libya and west of Egypt, the northward winds at the eastern flank of the cyclone were
likely to produce a progressive ascent or up gliding [29] of the dust layers toward the north. This structure of distinct plumes of dust at
different latitudes is probably due to the northward displacement of the cyclone and its associated cold front and cyclonic winds. By
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25/00 March, as the cyclone continued to move northeast ward over the eastern Mediterranean sea, the dust front was advected over
northeast of Egypt and east Mediterranean (Figure 12g). The vertical advection of dust decreased during the period from 24/12 to
25/00 (Figure 13) and the cyclone becomes out the area of our interest. Figure 14a illustrates the difference of Max 10m wind speed
for SST9 from SSTO, while figure 14b shows the difference of dust concentration of SST9 from SSTO. It’s clear that the amount of
dust concentration of SSTO is less than those corresponding of SST9 during the period from 23/06 to 24/18, which is due to the
increase of wind speed in SST9 than in SSTO during this period (Figure 14a).
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Fig. 14: a) The difference of Max 10m wind speed for SST9 from SSTO b) The difference of Dust Concentration for SST9 from SSTO.

5. DISCUSSION AND CONCLUSIONS

In this paper, the sensitivity of a desert depression to the perturbations in Mediterranean Sea surface temperature (SST) was studied by
mean of limited area model initialized by NCEP FNL analysis. Ten simulations were performed, the first simulation with NCEP FNL
RTG_SST field (SSTO) and nine other simulations using SST analysis raised by 1 to 9 K. In all of the experiments, the perturbations to
the SST changed the land—sea temperature gradients along the coast. However, these gradients did not affect the storms studied here,
because they were too far from the coast. If the storms had traveled closer to the coastling, it is likely that the land—sea contrast created
by our SST perturbations would have affected the results. This might also have been the case for a storm that took place in spring,
when the land-sea contrast is greater. For our storms, however, the monotonic response to the perturbation amplitude suggests that the
storm behavior is realistic, and not the result of unrealistic land—sea baroclinicity, or numerical noise associated with a sudden SST or
flux change (as discussed in [25]).

The modeled atmospheric parameters: surface wind speed, MSLP and contributions to surface fluxes were compared. They showed no
different behavior with respect to the SST. Increasing SST leads to more evaporation, enhancing convection in the cyclone. The
surface latent heat fluxes, higher in SST9 than SSTO0, modify the boundary layer triggering an efficient mechanism for convective
destabilization. The latent heat released by condensation of water vapour, during convective processes, has no an effect on the
deepening in MSLP. No significant at the differences in MSLP and track of the cyclone when the low approached and becomes over
the Mediterranean Sea.
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The dust activity accompanying our desert depression over North Africa has been investigated. The development of the cyclone was
favored by strong meridional temperature gradient and initiated this region of strong low level baroclinity on the lee side of the Atlas
Mountains. The cyclone and its associated cold front were the major dynamic features that mobilized and transported the dust during
this event. Important dust emissions occurred as the cyclone cold front and their associated strong surface winds (~25 m s—1) cross
over Algeria, Libya and Egypt. Dust emission was then followed by an upward mixing to high altitudes (~3 km) and by a cyclonic
transport all around the eye of the cyclone. During its movement across the continent, the cyclone continued to produce dust locally in
addition to the transported dust air masses. The dust storm was associated with dramatic visibility conditions with 0 km visibility rates
at different locations and for more than 1 day. The mean dust loads over the cyclone area were simulated during the study period. This
represents a large amount of dust compared to what was discussed in previous studies concerned with dust emissions [30][31][32][33].
Hence, Saharan cyclones may contribute significantly to the total dust load over West and North Africa observed annually.
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