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ABSTRACT
The area of the Dead Sea valley and the adjacent regions are often affected by mineral dust. This study focuses
on an extreme dust episode occurring on 22 March 2013, where near-surface dust concentrations of up to
7000 pg m ~> were encountered in the Dead Sea region. This episode is of great interest as it was accompanied by
high wind speeds and a gust front that rapidly passed the Judean Mountains. Wind was even accelerated on
the lee side of the Judean Mountains leading to a severe downslope wind. We simulated this situation with the
comprehensive online-coupled weather forecast model COSMO-ART. Fair agreement was found between the
simulated meteorological variables and the observations. The model was capable of producing a reasonable
spatiotemporal distribution of near-surface dust concentration, consistent with available measurements in this
area. With respect to the time of the maximum near-surface dust concentration in the Dead Sea valley, the model
captured it almost perfectly compared to the observed total suspended particle (TSP) concentrations. COSMO-
ART showed that the high near-surface dust concentration in the Dead Sea valley was mainly determined by
local emissions. These emissions were caused by strong winds on the lee side of the Judean Mts. The model
showed that an ascending airflow in the Dead Sea valley lifted dust particles, originating mainly from the upwind
side of the Judean Mts., up to approximately 7 km. These dust particles contributed to the pronounced maximum
in modelled dust aerosol optical depth (AOD) over the valley. Here we highlight the important point that the
simulated maximum dust AOD was reached in the eastern part of the Dead Sea valley, while the maximum near-

surface dust concentration was reached in the western part of the valley.

Keywords: mineral dust, Dead Sea valley, complex terrain, regional modelling, dust aerosol optical depth

1. Introduction

The Dead Sea is a unique place on Earth with a water level
currently 428 m below sea level. It is located within one
of a series of basins aligned in a long (600 km) and narrow
(10-20 km) active tectonic zone, which branches northward
from the trough of the Red Sea (Neev and Emery, 1967).
The Dead Sea is surrounded by the Judean Mountains (up
to 1000 m amsl) to the west and by the Moab Mountains
(up to 1300 m amsl) to the east. Through the pronounced
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orography, the area is characterised by special meteorolo-
gical conditions, particularly by valley and slope winds.
The wind regime in the Dead Sea basin is also governed by
general synoptic systems, such as Mediterranean cyclones,
and by mesoscale and local factors, such as Mediterranean
breezes and local lake breezes (Shafir and Alpert, 2011, and
references therein).

Mineral dust, which is abundant in the Dead Sea region
most of the time (Singer et al., 2003, 2004), is of interest for
several reasons. It has a negative impact on human health
and it is of danger for technical equipment. Further on it has
an impact on aviation by degrading visibility. Mineral dust
aerosol modifies the state of the atmosphere by altering the
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shortwave and longwave radiative fluxes and cloud forma-
tion (Carslaw et al., 2010, and references therein). Due to its
chemical composition, mineral dust deposited on land or on
ocean surfaces can act as a fertilizer. In general, the mineral
dust cycle is closely related to the iron cycle, the carbon
cycle, and the energy cycle (Mahowald et al., 2005; Shao
et al., 2011).

The lifetime of large dust particles with size of ~8-10
microns is approximately 1 d (Tegen and Lacis, 1996).
Smaller dust particles with size less than 1 micron have
a lifetime of approximately 10 d (Tegen and Lacis, 1996).
Therefore, particles from local but also remote sources can
affect the mineral dust aerosol budget in the Dead Sea
region. Ganor (1991) showed that the main remote source
regions are the Ahaggar Massif Mountains (Algeria), the
Tibesti (Chad, Lybia), deserts in Egypt and the Arabian
Desert (Jordan, Saudi Arabia). He showed that transport
is governed by strong westerly to south-westerly boun-
dary layer winds especially by cold fronts, driven by low-
pressure systems (1) arriving from Europe over Greece, (2)
arriving from the North African dessert or (3) developing
over the eastern Mediterranean (Cyprus). The last one is
the case in this study. Modelling studies accomplished by
Kishcha et al. (2008) reinforced the results, that large dust
particles reached the Dead Sea region from the Eastern
Sahara, along their route through Egypt to Israel and
Jordan. As verified in previous studies, the strength of
Saharan dust transport is determined by two factors: (1)
seasonal dependence on dust source strength in Africa
(Barkan and Alpert, 2008), and (2) seasonal changes in the
atmospheric circulation, i.e. the enhanced cyclonic activity
of the eastern Mediterranean basin in winter (Moulin et al.,
1998; Israelevich et al., 2002; Barkan et al., 2004; Dayan
et al., 2007). Especially in the transition seasons (spring and
autumn), increased dust transport from remote sources to
the Dead Sea, in the form of dust storms, can be observed
(Singer et al., 2003).

As the Jordan Rift valley is north—south oriented,
Saharan Desert dust, which is transported by southerly
wind, is able to pass the Dead Sea valley without major
obstacles along this complex terrain. However, wind blow-
ing perpendicularly to the above-mentioned mountain
ridges and the Dead Sea valley, as observed mostly in winter
(Ganor, 1991) can cause distinct spatiotemporal variations
in dust concentration. Most previous studies (e.g. Nickovic
et al., 2001; Alpert et al., 2002; Perez et al., 2006; Kishcha
et al., 2007, 2008; Spyrou et al., 2013) carried out numerical
simulations of dust transport and dust radiative effects over
the Mediterranean region using models with a horizontal
grid spacing of more than 20 km. Therefore, these model
studies were not able to resolve the orographic features of
the Dead Sea basin.

Vogel et al. (2006) applied a mesoscale model with 2-km
grid spacing to a case study of medium range dust trans-
port over the Dead Sea valley. A limited region including
the western Negev in Israel and neighbouring areas of the
Sinai Peninsula was chosen as the potential source area for
mineral dust aerosol. Therefore, long-range transport
of dust was excluded and a further investigation of local
sources was not included.

The purpose of the current study is to quantify the
impact of remote (i.e. the Sahara Desert) as well as local
sources on the mineral dust aerosol budget over the Dead
Sea valley. A case associated with very high near-surface
aerosol concentrations measured in the Dead Sea basin was
chosen, where a Cyprus low and its frontal system caused
favourable conditions for long-range transport from the
Saharan Desert. The Cyprus low also induced high local
dust emissions in the Dead Sea region by a severe gust
front, which crossed Israel on that day. As gust fronts with
their strong winds are often responsible for considerable
dust uplifting in desert regions (Williams et al., 2006) local
sources can be studied. We are using the comprehensive
online-coupled model system COSMO-ART (Vogel et al.,
2009) with a horizontal grid spacing of 0.025 ° (~3 km),
which is necessary due to the complex orography of the
Dead Sea valley.

Specifically, we are addressing the following questions: Is
it possible to reproduce the observed high concentrations of
mineral dust with model simulations? What are the physi-
cal processes that determine the spatiotemporal variation
of the mineral dust concentration in the Dead Sea valley?
What is the contribution of local and remote source regions
to the total mineral dust concentration?

2. Model description

The COSMO-ART model is based on the COSMO
(Consortium for Small-scale Modelling) model (Baldauf
et al., 2011), which is used by several European weather ser-
vices for numerical weather prediction. The ART (Aerosols
and Reactive Trace gases) extension (Vogel et al., 2009)
describes the spatiotemporal evolution of trace gases and
aerosol particles and their interaction with the state of the
atmosphere. COSMO-ART was used in recent studies to
investigate the direct impact of aerosol on radiation (e.g.
Lundgren et al., 2013; Athanasopoulou et al., 2014) as well
as the interaction between aerosol, clouds, and precipitation
(e.g. Bangert et al., 2012; Rieger et al., 2014).

Mineral dust aerosol is represented by prognostic mass
and number densities of three overlapping log-normally
distributed modes (Vogel et al., 2006). The emission scheme
of Vogel et al. (2006) combines the formulation of White
(1979) for the horizontal saltation flux of soil particles
with the parameterisation of Shao and Lu (2000) for the
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threshold friction velocity of wind erosion. The threshold
friction velocity is corrected by factors taking into account
soil-water content and surface roughness. By using a
roughness correction, the impact of vegetation on dust
production is considered. Dust is produced when the friction
velocity exceeds the corrected threshold friction velocity.
For the conversion of the saltation flux of soil particles into
a mineral dust aerosol emission flux, the available kinetic
energy is partitioned into the three mineral dust modes
following the approach of Alfaro and Gomes (2001).

In summary, dust productive areas in COSMO-ART are
defined by soil properties (particle size distribution, resi-
dual soil moisture and surface roughness) and the envi-
ronmental conditions (friction velocity, soil moisture).
Accordingly, a data set of soil properties by Marticorena
et al. (1997) and Callot et al. (2000) covering Sahara, Sahel,
the Arabian Peninsula and the Middle East witha 1 ° x 1 °
grid spacing is used.

2.1. Model setup

The model simulations performed for this study need to
capture mineral dust from remote sources as well as from
the complex terrain bordering the valley, in particular
taking into account the extreme elevation gradient around
the Dead Sea valley. We therefore chose to perform a
multiple nested simulation with the COSMO-ART model
from 21 March 2013, 12 UTC, to 23 March 2013, 12 UTC.
The simulation with the coarsest grid spacing receives its
initial and boundary conditions from the German Weather
Service’s (DWD) global model GME. The extent of the
three simulation domains is shown in Fig. 1.

The simulation for the large domain (CA-25) is per-
formed with 0.25 ° ( ~25 km) horizontal grid spacing and
40 non-equidistant vertical layers up to 22 km height. It
includes remote dust sources located in the Sahara desert
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and in the Middle East. Mineral dust aerosol initial values
are obtained from daily simulations starting 19 March 2013
with a dust-free atmosphere. Each of these daily simula-
tions starts with the corresponding GME analysis and dust
concentrations from the previous simulation. The middle
domain (CA-7) with 0.0625 ° ( ~7 km) horizontal grid spac-
ing and 40 vertical layers covers the eastern Mediterranean
using initial and boundary conditions from the CA-25 simu-
lation. The finest domain (CA-3) with its 0.025 ° (~3 km)
horizontal grid spacing and 50 vertical layers uses initial
and boundary conditions from the CA-7 simulation. The
CA-3 simulation is capable of resolving the complex terrain
in the Dead Sea area. The terrain height of the model
domain and the extent of the CA-3 simulation are shown in
Fig. 2.

For this study, we performed additional model experi-
ments in the immediate region of the Dead Sea valley (as
will discussed in Section 5) covering the domain within the
red box (Fig. 2) with its western boundary roughly at the
top of the Judean Mts.

3. Case study data

3.1. Aerosol observations

To study dust transport over the region under consideration,
we used measurements of near-surface aerosol concentra-
tion from seven monitoring sites and three meteorological
stations in Israel (Table 1). The aerosol measurement sites
can be divided into the following two groups (Fig. 2): (1)
Total suspended particle (TSP) monitoring sites in Lot,
Eshelim and Neot Hakikar, which measure concentration
of TSP. These sites are located in the south of the Dead
Sea valley, at the artificial evaporation ponds. (2) PM10
monitoring sites in Beer-Sheba, Arad, Tel Aviv, and
Jerusalem, which measure concentration of aerosol particles
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Map of the three COSMO-ART model domains CA-25, CA-7 and CA-3. The colours indicate the model terrain height.
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Left: CA-3 simulation domain and the positions of measurement stations outside of the Dead Sea valley. The red box shows

domain of the additional simulations S2 and S3 (Table 2). Right: Same as left with zoom in on the Dead Sea region and the positions of the
measurement stations. The colours indicate the model terrain height.

smaller than 10 pm. Beer-Sheba and Arad are in the
southwest of Israel, but outside the valley. Arad is situated
right on top of the Judean Mountains at approximately
600 m above mean sea level (amsl) and Beer-Sheba is located
40 km further to the west. Tel Aviv and Jerusalem are in
the northwest of the Dead Sea, but also outside the valley.
Tel Aviv is located directly at the coast of the Mediterranean
Sea and Jerusalem is situated on top of the Judean Moun-
tains at approximately 800 m amsl.

In irregular intervals, TSP/PM10 measurements show
extremely high near-surface aerosol concentrations. This
is illustrated in Figs. 3 and 4, representing hourly TSP

Table 1.

and PM10 measurements at the aforementioned monitor-
ing sites during the 32-d period from 12 March to 11 April
2013. The observed peaks of near-surface aerosol concen-
tration are almost coincident at all monitoring sites. These
peaks significantly exceeded the annual 5 %, 50 % and
95 % percentiles (P5, P50 and P95) of measured surface
aerosol concentration at the specified monitoring sites in
the year 2013 (Table 1). This indicates the extraordinary
high level of the dust events detected in the specified period.

Extreme near-surface aerosol concentrations were ob-
served simultaneously at all specified monitoring sites on
22 March 2013. In particular, at TSP monitoring sites in

TSP and PM10 monitoring sites together with meteorological stations are shown. The maximal measured surface aerosol

concentration (C) on 22 March 2013, is given together with the annual 5 %, 50 %, and 95 % percentiles of surface aerosol concentration in
the year 2013 (PS5, P50, and P95) at the specified monitoring sites. Hourly TSP and PM 10 data from January to December 2013 were used.

For the station Jerusalem, 3-hourly data are presented

Max C on
Monitoring site and type Geographical PS5 P50 P95 22 March 2013
of measurements coordinates (ug m 3 (ng m =) (ng m~—3) (ng m~—3)
Arad (PM10) 31.26 °N; 35.22 °E 3 38 122 2018
Beer-Sheba (PM10) 31.25 °N; 34.78 °E 15 36 118 2806
Tel Aviv (PM10) 32.11 °N; 34.80 °E 16 36 127 1064
Jerusalem (PM10) 31.78 °N; 35.22 °E 14 37 169 5785
Eshelim (TSP) 31.01 °N; 35.35 °E 15 53 214 7149
Lot (TSP) 31.06 °N; 35.39 °E 12 42 179 6672
Neot Hakikar (TSP) 30.94 °N; 35.38 °E 16 51 217 6478

31.32 °N; 35.35 °E
31.33 °N; 35.40 °E
31.78 °N; 35.22 °E

Masada (meteo)
P88 (meteo)
Jerusalem (meteo)

*

*

%

*These stations provide meteorological data but no P10 or TSP data.
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Fig. 3.
11 April 2013, at three stations in the Dead Sea valley.

Lot, Eshelim and Neot Hakikar, TSP concentrations be-
tween ~6500 and ~7150 pg m > were measured on that
date. These values were two orders of magnitude higher than
their P50 (~50 pg m~) and even approximately 30 times
higher than their P95 (~200 pg m ~*) (Table 1). Similarly,
the observed PM10 concentration in Jerusalem was two
orders of magnitude higher than its annual P50 (37 pg m ~3)
and 30 times higher than its P95 (169 pg m ). The ob-
served PM10 concentration in Tel Aviv was 1064 pg m —3
and therefore was one order of magnitude higher than its
annual P95 (127 ug m ~%) (Table 1).

Figures 5 and 6 represent TSP and PM 10 concentrations
measured on 22 March 2013, at the specified seven aerosol

LA

30 1 5 10
April 2013

Time series of hourly concentration measurements of total suspended particles (TSPs) during the 32-d period from 12 March to

monitoring sites. In the Dead Sea valley at 10 UTC, TSP
concentrations started to increase slowly, but after 11 UTC
concentrations increased rapidly from around 100 pg m —3
up to 7000 pg m ~3 at 13 UTC and then decreased again to
below 100 pug m ~* at 17 UTC (Fig. 5, red line). PM10 con-
centrations outside the valley in Beer-Sheba, Arad and Tel
Avivstarted toincrease at 9 UTC: from below 100 pgm ~> up
to 3000 pug m > in Beer-Sheba, up to 2000 pg m ~* in Arad
and up to 1100 ug m ~? in Tel Aviv at 12 UTC (Fig. 6, red
line). After the maximum was reached, the concentrations
decreased to values below 100 pg m ~* within 3 hours. By
contrast to other PM10 sites (where PM10 measurements
were presented as 1-hour averaged data), at the Jerusalem
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Fig. 4.  Time series of hourly PM10 measurements at four stations outside the Dead Sea valley are shown during the 32-d period from
12 March to 11 April 2013. At the Jerusalem site, PM 10 measurements are presented as 3-hour averaged data.

site, PM 10 measurements were presented as 3-hour averaged and then abruptly increased up to 5800 g m > at 14 UTC.
data (Fig. 6). In Jerusalem, PM 10 concentrations started to At 17 UTC, PMI10 concentrations decreased down to
increase slightly up to 500 pmm ~>at 11 UTC until 14 UTC, 100 pm m ~* (Fig. 6).
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Fig. 5. Surface TSP concentrations: COSMO-ART model results
(blue) and observations (red) on 22 March 2013, are shown.

3.2. Meteorological observations

To understand the processes, which cause these extreme
TSP and PMI10 concentrations, we analyse the atmo-
spheric conditions. On 22 March 2013, a low-pressure
system with surface pressure below 995 hPa was located
over the eastern Mediterranean, as illustrated by the spatial
distribution of sea level pressure based on COSMO-EU
analysis data (Fig. 7). At 6 UTC, this system created
favourable conditions for dust uplifting from the Eastern
Sahara and dust transport to the northwest into the eastern

Mediterranean by mean wind velocities of up to 15 m s~

near the surface (10 m height; not shown). At 12 UTC, the
low-pressure system and its frontal system shifted east-
wards, with increasing strong south-westerly to westerly
wind with mean wind velocities up to 20 m s~ ! (Fig. 7).
The horizontal wind measured by soundings of the Israel
Meteorological Service (IMS) at Bet Dagan near Tel Aviv
increased within 24 hours decisively: On March 21, 12 UTC
the wind in the whole layer below 700 hPa was between
1 and 5 m s~'. When the gust front originating from the
Cyprus low reached Israel the mean wind increased up
to 21 m s~ and a temperature inversion between 925 hPa
and 875 hPa stabilised the atmosphere (Fig. 8). A gust
front accompanied by north—south-oriented medium-level
clouds and remote dust transport from the southwest
(satellite image, not shown) penetrated inland, reached
Jerusalem, and caused severe downslope wind at the
western coast of the Dead Sea. The frontal system with
its high wind velocities did not only transport dust from
remote locations but also caused local dust emission,
depending on the availability of local dust sources. In
Beer-Sheba and Arad located at the northern edge of the
Negev, as well as in the Dead Sea valley, local dust sources
are well available. The waterfront location of Tel Aviv
and the agricultural and industrial land use around Tel
Aviv suppresses local dust mobilisation. However, around
Jerusalem located on top of the Judean Mountains, local
dust sources are available as well.

For further analysis of the dust episode under considera-
tion, the meteorological conditions in Jerusalem and in the
Dead Sea valley are investigated. Therefore, data of three
meteorological stations are used. One station is operated
by the IMS in Jerusalem at 810 m amsl. The other two
meteorological stations are operated by the Institute of
Meteorology and Climate Research (IMK) of the Karlsruhe
Institute of Technology (KIT), at Masada and P88, both
located in the Dead Sea valley, approx. 30-40 km north
of the TSP measurement sites Lot, Eshelim, and Neot
Hakikar (Fig. 2). Measurements in Jerusalem are shown in
Fig. 9. The front passes Jerusalem at approximately 10 UTC
on 22 March. At this time, the air pressure reaches its
minimum and temperature reaches its maximum at
26.1 °C. At the same time, wind direction changes from
south to west and wind speed increases suddenly from 5 to
10 m s~ ' After 10 UTC temperature decreases rapidly,
westerly wind with persistent high wind speed around
10 m s ! is measured and pressure increases slowly. With
the front passage, PM10 concentration starts to increase
at 11 UTC.

The meteorological conditions in the valley can be
analysed by using data of the meteorological stations
at Masada and P88. The observations at those two sta-
tions can well explain the far above average increasing
dust concentrations at the Dead Sea, compared to the
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Surface PM 10 concentrations: COSMO-ART model results (blue) and observations (red) on 22 March 2013, are given. At the

Jerusalem site, PM 10 measurements are presented as 3-hour averaged data.

measurements at sites closer to the Mediterranean Sea.
Figures 10 and 11 shows measurements at the two
meteorological stations.

The arrival of the gust front can be detected first at the
Masada station, located 5 km to the west of the Dead Sea
shoreline, at —7 m amsl. At 09:30 UTC, the shortwave
downward radiation starts to decrease by 90 % from 800 to
80 W m 2 at 10:40 UTC (Fig. 10). Simultancously the long-
wave downward radiation increases from 380 to 470 W m ~>.

22. MAR 2013, 12 UTC
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Fig. 7.

Within 70 minutes the sky changed from blue sky to low
visibility due to overcast sky with deep, low clouds. This is
the time (10:40 UTC) where the gust front reaches the
Masada site. The 10-minute mean wind speed increases
during the next 70 minutes from 1 to 13 m s~ ' (Fig. 10).
Common gust factors, which are used to estimate wind
gusts from 10 minute mean wind speed, vary in the range of
1.5-2 (e.g. Davis and Newstein, 1968; Choi and Hidayat,
2002). This indicates gusts of up to 25 m s~ !, which the

22. MAR 2013, 12 UTC
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1000 1500
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Left: Sea level pressure (hPa) (black contour lines) and 500 hPa geopotential (gpdam) (coloured). Right: 10-m wind vectors (m's ~ ).

Both figures show data of COSMO-EU analysis at 22 March 2013, 12:00 UTC.
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line), dew point (dashed line), and wind (in m s ~!) on 22 March,
2013, 12:00 UTC at Bet Dagan.

WMO classifies as a severe storm. The wind direction
swaps from south-east to west at 10:50 UTC. As the
Masada station is located at the hill slope, the downward
vertical wind increases from 0.0 up to 2.8 m s~ ! on
10 minutes average between 10:50 UTC and 11:40 UTC.
Within the gust front a high load of dust is transported
from the west (high dust concentrations are observed at
Arad and Beer-Sheba) but additional local dust raise is
plausible due to the local dust sources near Masada and the
extreme gusty wind, which explains the maximum TSP
concentrations of about 7000 pg m ~* in the valley.

At 10:00 UTC, the air temperature stops increasing at
28 °C at Masada caused by further reduced incoming short-
wave radiation and by simultaneously increasing longwave
downward radiation due to increasing cloud cover and high
concentrations of mineral dust. This is 30 minutes after the
beginning of the solar radiation reduction. Afterwards the
temperature keeps constant until 10:40 UTC and increases
within 10 minutes up to 32 °C at 10:50 UTC, when the
downslope windstorm starts. This sudden increase is
assumed to be caused by adiabatic heating of the descend-
ing dry air. At P88 station, located very close to the Dead
Sea shore (150 m), an increase of the wind speed and
turning to west is detected approximately 60 minutes later
than at Masada (Fig. 11). Taking the propagation speed of
the gust front into account, this is much too late for the
S5-km short distance. Due to the local conditions at the
station and the stratification of the boundary layer, a lifted
flow (gust front) is expected at P88. When wind speed is at
its maximum at Masada, the flow reaches the surface level
at P88 as well and the wind turns from east-southeast to
west. The station is located within a plain near the Dead
Sea, so the mean vertical wind remains close to zero.

4. Comparison with observations

In the following, we describe the results of numerical
simulations. Those results will help to interpret the physical
processes that lead to the observed patterns of meteorolo-
gical variables and dust concentration. Further on, we will
use the model simulations to determine the source regions
of mineral dust that lead to the high concentrations and
quantify the contribution of long-range transport and local
dust emissions.

As mentioned before, the complex topography of the
Dead Sea region is a challenge for numerical models we
want to tackle with a comparatively fine horizontal grid
spacing of 0.025 ° ( ~3 km). We first compare the results of
the CA-3 simulation with the meteorological measurements
at Jerusalem, Masada, and P88 and with the PM10
measurements at four stations located west of the Dead
Sea region and three TSP stations located on the floor of
the Dead Sea valley (for the locations of the stations, see
Fig. 2).

4.1. Meteorological variables

Figure 12 shows a spatial distribution of the simulated
10 m wind on 22 March, 13:00 UTC. Every tenth wind
arrow is presented. While in the western and the northern
part of the model domain westerly to north-westerly wind
is simulated, southerly wind is still present in the south-
eastern part of the model domain indicating the position of
the front at that time.

The comparison of the simulated wind speed, wind
direction and temperature at Jerusalem shows in general
a very good agreement with the observations (Fig. 9).
However, the simulated wind speed increases with a time
delay of about 1 hour. The simulated wind maximum is
reached at 14:00 UTC while the observations show a more
plateau like structure. The wind direction and its shift
starting after 09:00 UTC are perfectly reproduced by the
model. The measured daily variation of the temperature at
two meter height is reproduced quite well by the model, but
the temperature maximum is simulated about 1 hour later
than the observed one. The simulated pressure reproduces
the time series of the observations with a slight time shift.
The offset of the absolute values is due to the difference
between real terrain height and terrain height used in the
model.

The comparison of the time series of horizontal wind
speed measurements at the Masada station (Fig. 10, blue
line) with simulated wind speed (red line) shows in general
a very good agreement. However, the maximum measured
wind speed of about 13 m s ' occurring at 22 March, 12
UTGC, is shifted to 13 UTC in the model simulation and the
value of about 18.5 m s ~' is off by 40 %. This is probably
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Measurements and model results of surface meteorological parameters: wind speed (ws), wind direction (wd), temperature (T)

and air pressure (P) at the meteorological station of the IMS in Jerusalem on 22 March 2013.

due to the smoothed orography in the model, which is
not able to resolve the small-scale inhomogeneity around
the measurement site. The Masada station is situated at
the slope of the Judean Mountains. The measured as well
as the simulated wind directions (Fig. 10) show a clear
westerly direction when the maxima occur. That means
that the maximum horizontal wind speed is associated with
a downslope accelerated gust front. For the P88 station,
which is located close to the Dead Sea shoreline downhill
of the Masada station, the general conclusions are similar
as for Masada.

The descent of the airflow becomes obvious in the time
series of the vertical wind speed at the Masada station
(Fig. 10). Around 22 March, 12 UTC, a vertical downward

wind speed of more than 2 m s ~! is measured. This maximum
in downward motion is also simulated by COSMO-ART,
although it is not as pronounced as in the measurements
and it is shifted by about 1 hour. The latter is directly
connected to the shift in the horizontal wind speed, i.e. the
arrival of the gust front is delayed in the simulation in
comparison to the observations.

With the gust front setting in on 22 March, 12 UTC, the
temperature drops much faster in the simulation leading to
an underestimation of the temperature for the following.

The observed incoming shortwave radiation at the sur-
face shows a sharp drop when the wind speed increases.
This decrease is less pronounced in the simulation results
and happens more slowly.
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Measurements and model results of surface meteorological parameters: wind speed (ws), vertical wind speed (w), wind direction

(wd), temperature (T), specific humidity (q), shortwave downward radiation (SWDR) and longwave downward radiation (LWDR) at the

meteorological station Masada on 22 March 2013.
4.2. Dust concentration
We validate the simulated mineral dust concentrations by

using TSP and PM 10 measurements at the specified measure-
ment sites mentioned in Section 3. For this purpose, we

assume that the measured maximum concentrations on
22 March are exclusively caused by mineral dust. This
is justified by the very low background concentrations
before and after the gust front reached the stations (Figs. 5
and 6).
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meteorological station P88 on 22 March 2013.

Modelled (~10 m above ground) and measured near- a factor of 1.5-2.0 (Fig. 5). The time, when the maximum
surface dust concentrations on 22 March 2013, are shown occurs (13:00 UTC), is well captured by the model. There
in Figs. 5 and 6. At Lot, Eshelim and Neot Hakikar, the could be two factors responsible for this underestimation,

model underestimates the observed TSP concentrations by such as (a) the contribution of large dust particles ( >20 um),
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which are not taken into consideration by the model;
and (b) the insufficient information of soil data which is
important input data for the dust emission scheme (dis-
cussed below in this section).

At Tel Aviv, the simulated and observed PM 10 concentra-
tions are in good agreement (Fig. 6). The maximum occurs
1 hour earlier in the simulation. At Beer-Sheba and Arad,
the model underestimates the measured concentrations.
The maximum concentration is reached at both stations at
12:00 UTC in perfect agreement with the observations. In
Jerusalem, although the simulated dust maximum is com-
parable to the observed one, the simulated maximum is
reached 1 hour earlier than the observation (Fig. 6). It is
also interesting to see that the maximum concentration at
Jerusalem occurs quite late in the simulations as well as in
the observations.

The model results — especially the strong correlation
of the dust concentration and the wind speed — give an
indication that mainly local emissions are responsible for
the concentration peaks at all stations. The increasing wind
speed is caused by the passage of a gust front, as illustrated
in Section 3. Particularly at the slopes down to the Dead
Sea for a short period of time the flow is even accelerated
by the stable stratification at the crest height (Fig. 8). For a
better understanding of the underestimation of the con-
centration level at the stations Beer-Sheba, Lot, Eshelim,
and Neot Hakikar, Fig. 12 shows the spatial distribution of
the simulated dust concentration at 22 March, 13:00 UTC, in
the lowest model layer. In an area between 30.5 “N-31.5 °N
and 32.5 °E-35.5 °E, much lower dust concentrations
are simulated than in the adjacent regions. We attribute
this to the deviations of the soil properties used as input
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data for the dust emission scheme (Section 2). These
obviously missing sources of mineral dust explain the
underestimation of the dust concentrations in the southern
part of the model domain. It highlights the necessity for a
further improvement of the soil data set. This was origi-
nally established for climate simulations at a much coarser
resolution than we used in our study here.

5. Long-range versus short-range transport of dust

As the synoptic situation as well as the general behavior of
TSP and PM10 concentrations is reproduced satisfactorily
by COSMO-ART, we use model simulations to investigate
the contribution of long-range and short-range transport.
For this purpose, we carried out an additional simulation
S1 (Table 2) where we did not allow any dust emissions in
area CA-3. Based on the results of this simulation, we can
quantify the contribution of long-range transport from the
Saharan Desert. Figure 13 provides the variability of the
total dust concentration in the lowest model layer in west—
east direction for the standard simulation CA-3 and for
simulation S1 on 22 March, 13:00 UTC, at 31.6 ° N. The
results clearly show that, at this specific situation, the
contribution of Saharan dust to the near-surface concen-
tration is negligible. Therefore, local dust sources have
to be responsible for the high dust concentrations in the
Dead Sea valley. Figure 14 represents west—east cross-
sections over the Dead Sea valley of simulated near-surface
dust concentration in the lowest model level on 22 March
2013, at 13:00 UTC, at several latitudes. Here, the modelled
total dust mass concentration is given, i.e. including
particles with sizes larger than 10 pm. In all cross-sections,
the maximum dust concentration is obtained close to the
western part of the valley floor (Fig. 14). To explain this
dust distribution in the valley, we analysed the relationship
between the modelled wind velocity along the lee side of the
Judean Mts. during the passage of the gust front and the
modelled near-surface dust concentration. Figure 12 gives
the spatial distribution of the horizontal wind vectors at

Height
15000 4 =

E f‘-

2 10000 ".

=

§ / .\'\

€ IJ - 600

g 5000 | \ », , ~

> onde, oo’ !

a o) e

a 2 -0 =
<

0 _mmmomm k=)
[
I
-600

T T T T T T T
346 348 350 352 354 356 358
Longitude, degrees

Fig. 13.  West-east cross-section of COSMO-ART modelled dust
concentration in the lowest model layer ( ~ 10 m above surface) at
31.6 °N, on 22 March 2013, at 13 UTC. The line with closed circles
represents surface dust concentration of the standard simulation
CA-3, while the line with open circles represents near-surface dust
concentration for simulation S1 (when no dust emissions were
allowed inside the CA-3 domain). The horizontal line represents
the sea level. The two vertical lines show the interval of longitudes
with topographic heights below sea level.

13:00 UTC at approximately 10 m above surface. It shows
that wind speeds well above 10 m s ! at the western crests
and slopes are simulated.

In order to demonstrate the effect of the gust front
passage on vertical airflows over the Judean Mts. and over
the Dead Sea valley, Fig. 15 shows west—east vertical cross-
sections of modelled vertical wind at latitude 31.6 ° N on 22
March 2013, at different times. While before 12:00 UTC
only moderate vertical wind is simulated, it increases
dramatically when the gust front passes the area. The most
intensive descending and ascending airflows in the Dead
Sea valley occur at 13:00 UTC. These are characterised by a
maximum downward velocity of over 1.5 m s " on the lee
side of the Judean Mountains. A maximum upward

—1

velocity of over 2 m s~ is simulated in the centre of the

Table 2. Overview of all simulations performed for this study. The simulations cover 21 March, 12 UTC, to 23 March, 12 UTC. For

further details, see Section 2

Simulation Grid spacing Description

CA-25 0.25 ° Large domain which includes Saharan dust source regions.

CA-7 0.0625 ° Middle domain nested into CA-25.

CA-3 0.025 ° Analysis domain, nested into CA-7.

S1 0.025 ° As CA-3 except that no dust emissions are allowed inside the domain.

S2 0.025 ° Simulation with its western border at the top of the Judean Mountains (see Fig. 2).
No emissions are allowed inside this area.

S3 0.025 ° Same as S2, except that emissions are allowed inside the simulation domain and

no dust is transported into the domain at the boundaries.
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Dead Sea valley (Fig. 15d). The strong ascending airflow,
produced by the gust front in the centre of the valley,
attained an altitude of over 4500 m.

High horizontal wind speed (Fig. 12) that enhanced local
dust emissions and descending flow on the lee side of the
Judean Mts. (Fig. 15) explains the high dust concentra-
tions close to the western part of the valley floor. Both
descending and ascending flow have an impact on the
vertical distribution of mineral dust in the Dead Sea valley
as will be shown below.

Figure 16a gives a vertical cross-section of the total dust
concentration at latitude 31.6 °N on 22 March 2013, at
13:00 UTC. The model shows an important effect of the
passage of the gust front on the vertical distribution of the
dust layer over the Judean Mts. and over the Dead Sea
valley. In the western Dead Sea valley, close to the Judean
Mts., a pronounced near-surface as well as an elevated
secondary maximum is simulated (Fig. 16a). In the eastern
Dead Sea valley, an ascending airflow lifted dust particles
up to approximately 7 km, contributing to the pronounced
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Fig. 15. The diagram shows the west—east cross-sections of
modelled vertical wind speed (m s ') at latitude 31.6 °N over the
north of the Dead Sea valley from 10 UTC to 13 UTC on 22 March
2013. Positive values of the vertical velocity correspond to an
ascending airflow, while negative values correspond to a descending
airflow.

maximum in modelled dust aerosol optical depth (AOD) of
approximately 3 over the valley (Fig. 16b). Therefore, while
the maximum near-surface dust concentration was reached
in the western part of the Dead Sea valley, the maximum
AOD (and, consequently, the maximum effect on surface
shortwave radiation) was reached in the eastern part of the
Dead Sea valley.

In order to further quantify the contributions of different
local dust sources to the dust concentrations in the Dead
Sea valley, it is essential to estimate separately the con-
tribution of dust in the Dead Sea valley made by local dust
emissions on the lee side of the Judean Mts., and that,
made by incoming dust from the upwind side of the Judean
Mountains. This was carried out by two additional sensi-
tivity runs as explained in the following. Both simulations
S2 and S3 (Table 2) were performed with a horizontal grid
spacing of 0.025 ° ( ~3 km) in the model domain, depicted
by the red rectangle in Fig. 2. This rectangle was nested in
model domain CA-3. In simulation S2, no emissions were
allowed within the rectangle. By contrast, in simulation S3,
emissions were allowed only within the red rectangle, while
zero lateral boundary conditions were prescribed for
mineral dust.

Figure 17 shows vertical cross-sections of the total dust
concentration for simulations S2 (Fig. 17a) and S3 (Fig. 17b)
on March 22, at 13:00 UTC, at latitude 31.6 °N. In
simulation S2 (when we turned off all dust emissions within
the red rectangle), the secondary elevated maximum in the
western Dead Sea valley as well as the large vertical extent at
the AOD maximum in the eastern Dead Sea valley can be
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Fig. 16.  West—east cross-sections of modelled (a) dust concentra-

tion and (b) dust aerosol optical depth (AOD) at latitude 31.6 °N
over the north of the Dead Sea valley on 22 March 2013, at 13 UTC.

seen (Fig. 17a and c). In simulation S3 (when only dust
emissions within the red rectangle were allowed), we can
identify very high near-surface concentrations at the lee side
of the Judean Mts. (Fig. 17b). From that, we can conclude
that the near-surface concentration was mainly determined
by local emissions in the valley, caused by the strong surface
wind on the lee side of the Judean Mts. At higher elevation,
transport from the upwind side of the Judean Mts. comes
into play and produces an essential impact on the vertical
distribution of dust over the Dead Sea valley.

Furthermore, based on data from simulation S2, incom-
ing dust from the upwind side of the Judean Mts. is
responsible for the maximum in dust AOD of approxi-
mately two over the valley (Fig. 17c). Based on data from
simulation S3, dust from local dust emissions along the
lee side of the Judean Mts. is responsible for the AOD
maximum of one, which is only half of that produced by
incoming dust (Fig. 17d).

The superposition of AOD values from simulation
S2 and S3 shows similarity to the AOD distribution based
on simulations CA-3: the superposition was capable of
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and (b).

reproducing the pronounced maximum of AOD over the
Dead Sea valley from simulation CA-3 (Fig. 18). This
permitted us to quantify the contribution of various source
regions to the pronounced maximum of dust AOD in the
Dead Sea valley. Overall 30 % of the maximum dust AOD
over the Dead Sea valley stems from local emissions and
about 70 % from more remote ones from the upwind side
of the Judean Mountains.

6. Conclusions

The area of the Dead Sea valley and the adjacent regions
are often influenced by high mass concentrations of mineral
dust and thus affecting atmospheric processes, human
health and technical infrastructure. Therefore, there is an
increasing interest in forecasting such events.

This study focuses on an extreme dust event occurring
on 22 March 2013 where near-surface dust concentrations

of up to 7000 pg m > were encountered in the Dead

Sea region. This near-surface dust concentration was two
orders of magnitude higher than the annual averaged
surface dust concentration in the Dead Sea valley.

This event is of great interest as both long-range and
short-range transport can be investigated. The event was
driven by a Cyprus low and its frontal system, causing
favourable conditions for long-range transport to the
investigation area. It was accompanied by high wind speeds
and a gust front that rapidly passed the Judean Mountains
on 22 March 2013. Wind was even accelerated on the lee
side of the Judean Mountains leading to a severe downslope
wind. We simulated this situation with the comprehensive
online-coupled weather forecast model COSMO-ART.

Reasonable agreement was found between the simulated
meteorological variables and the observations. The model
also reproduced the spatiotemporal distribution of near-
surface dust concentration, consistent with available mea-
surements, in the Dead Sea valley and the surrounding
areas. With respect to the time of the maximum near-surface
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Fig. 18. Comparisons of modelled dust AOD for simulations

CA-3, S2, S3, as well as for the superposition of S2 and S3 (S2 + S3),
over the north of the Dead Sea valley (at latitude 31.6 °N) on 22
March 2013, at 13 UTC.

dust concentration in the Dead Sea valley, the model
captured it almost perfectly when compared with the
observed TSP concentrations.

We used the results of the model simulations, including
sensitivity studies, to get a more complete three-dimensional
picture of this dust episode and to quantify the contribution
of different source regions. COSMO-ART showed that the
high near-surface dust concentration up to 7000 pug m ~> in
the Dead Sea valley was mainly determined by local emis-
sions, and long-range transport was negligible in this case.
These emissions were caused by the strong downslope wind
on the lee side of the Judean Mts.

Model simulations S2 and S3 (Table 2) permitted us
to quantify the contribution of various source regions to the
pronounced maximum of dust AOD in the Dead Sea valley.
Specifically 30 % of the maximum dust AOD stems from
local emissions and about 70 % from more remote ones
from the upwind side of the Judean Mountains. The model
showed that an ascending airflow in the Dead Sea valley
lifted dust particles (originated mainly from the upwind side
of the Judean Mts.) up to approximately 7 km. These dust
particles contributed to the pronounced maximum in
modelled dust AOD of approximately the value of three
over the valley. This highlights an important point that the
maximum dust AOD was reached in the eastern part of the
Dead Sea valley, while the maximum surface dust concen-
tration was reached in the western part of the valley.
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