
Dust Variability!
Kerstin Schepanski!
schepanski@tropos.de!



Phoenix, AZ, 2011 

Australia, 23 Sept 2009 

Texas, 1935 

Niger, 2006 





Variability of Dust 

•  Temporal variability 
•  Sub-daily and daily  
•  Seasonal 

•  Year-to-year 

•  (Glacial – interglacial changes) 

•  Spatial variability 
•  Changes in local dust source activity  
•  Sediment supply and/or wind regime 



Temporal Variability: Scales 

•  Daily time scale 
•  Controlled by synoptic-scale and meso-scale meteorology 
•  Relevant for regional forecast 

•  Seasonal time scale 
•  Controlled by meteorology, i.e. dominant wind regimes (e.g. 

Shamal) 

•  Controlled by surface characteristics like vegetation, agriculture 

•  Interannual and decadal time scale 
•  Controlled by climate regime and surface modifications 

•  Glacial-Interglacial time scale 
•  Controlled by climate and source areas 



Temporal Variability: Short-term 

•  Hourly and daily variability in dust atmospheric 
concentration 
•  sub-daily variability in dust emission fluxes 
•  transport of dust 

•  Important for forecasts 

•  Observations: 
•  SYNOP and METAR: report of horizontal visibility, current 

weather (WX) 

•  AERONET sun-photometer network: Aerosol Optical Thickness 
(AOT) 

•  MSG IR dust product (15-minute) 



Sun-Photometer AOT 

•  AOT is a measure for the 
transmissivity of the atmosphere 

•  Ratio of radiation measured at 
surface and radiation at top of 
atmosphere 

•  AOT represents the atmospheric 
aerosol content – large values mean 
high aerosol loading 

Cimel at Zouerat, 2011 

dust layer 



Sun-Photometer Measurements 

selected AERONET stations that have been reporting in 2012, http://aeronet.gsfc.nasa.gov 



Sun-Photometer Measurements 

Solar Village 

KAUST Masdar 

2012 

2012 2012 



Sun-Photometer Measurements 

•  AERONET provides quantitative information on 
atmospheric dust load 

•  Sub-daily temporal resolution revealing temporal changes 
in atmospheric dust loading, e.g. approaching dust front 

•  Transported dust 

•  Due to wind transport, information on dust source 
variability is limited 



Precondition for Dust Emission 

1.  Suitable surface conditions 
•  Sparse vegetation cover 
•  Low soil moisture 

•  Smooth surfaces 

•  Fine, loose soil particles (e.g. dry river beds, lake sediments, 
fields) 

2.  Strong surface winds 
•  Frontal systems 
•  Down-drafts from meso-scale convective systems (MCS), 

Haboobs 

•  Boundary layer turbulence 
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Dust Storm Triggering Winds 

•  Cool season: dynamical uplifting through cold fronts and 
associated mid-latitude troughs 

•  Frontal passage is most frequent trigger for dust fronts due 
to strong winds associated with intense baroclinicity 

•  Warm season: diurnal vertical mixing related to solar 
heating 

•  Monsoon region: uplift along convergence zone and 
embedded convective systems  

•  Areas of complex terrain: katabatic winds, LLJs forming 
along mountain ridges 

•  Shamal winds, i.e. omnipresent summer Shamal 



Dust Variability: Dust Source Types 

•  Dust sources can be distinguished 
into different source types 

•  Natural, non-hydro: e.g. sand sheets 
•  Hydro: e.g. alluvial deposits 

•  Anthropogenic, non-hydro: agriculture 

•  Each source type shows 
characteristic soil types and 
variability in erosivity, e.g. 
vegetation cover changing with land 
use 

have 5% land use, and it is not realistic to assume that most
desertic sources are anthropogenic. On the other hand, above
30% land use the spatial distribution is relatively similar.
This may be explained by the fact that once an area is found
to be suitable for agriculture, most of the land will be rapidly
developed for such use. Therefore, we adopt a value of 30%
as the threshold land use to separate natural and anthropo-
genic sources. The sensitivity of our computed dust emis-
sions to land use percentage is discussed in section 6.
[54] In the following eight figures the relative frequency of

DOD > 0.2 on a seasonal or annual basis is shown for dif-
ferent continental regions. The selection of a particular sea-
son is based on the maximum intensity of the sources over
that region. It should be noted that the scaling of FoO varies
between figures to improve clarity. In addition, dust sources

may vary considerably between seasons. Because of space
limitations, we only show the peak seasons of dust activity.
The exception is North Africa, for which we show the
annual distribution.
[55] The figures show the associations with three source

types: hydrologic, dust linked to various water features as
discussed above; natural, dust emitted from land surfaces
where land use is less than 30%; and anthropogenic, sources
where land use exceeds 30%. The dominant source desig-
nation is carried out as follows: If there is a hydrographic
feature in the grid cell, it is designated as “hydro” source.
If it is not “hydro” and if land use is less than 30%, it is
“natural.” If it is not “hydro” and land use is greater than
30%, it is “anthropogenic.”

Figure 7. Distribution of the percentage number of days per year M-DB2 DOD > 0.2 over North Africa
overplotted on shaded orography. The frequencies associated with (hydro) and without (nonhydro)
ephemeral water bodies and with less (natural) and more (anthropogenic) than 30% land use are shaded
in blue; yellow, red, and orange; and magenta, respectively. The frequency levels are 10%, 20%, 40%,
60%, and 100%. The topography shading varies from dark green (!300 m) to brown (1000–4000 m),
then to grey for high elevation up to 8000 m. Some source areas, discussed in the text, are contoured in
white and are numbered as follows: 1, Senegal River Basin; 2, Aoukar depression; 3, upper Niger River
Basin; 4, Lake Chad; 5,river drainage basin of the Ennedi and Ouaddaï highlands; 6, Mourdi depression;
7, Bodélé depression; 8, Grand Erg of Bilma; 9, river drainage basin of the Aïir; 10, Erg El Djouf;
11, Sebkhet te-n-Dgâmcha; 12, Tiris Zemmour region; 13, Grand Erg Occidental; 14, Grand Erg Oriental;
15, Libyan Desert; 16, Nile River Basin; 17, Qattarah depression; 18, Mesaoria plain in Cyprus; 19, Chott el
Jerïd; 20, Chott Melrhir; 21, Chott el Hodma; 22, Chott ech Chergui; 23, Morocco coastal plains; and
24, Andalusia in Spain. Some geographic features are contoured in black and are labeled as follows:
A, the Sahel; B, the Ouaddaï Highlands; C, Ennedi; D, Tibesti; E, Ahaggar; and F, Atlas Mountains.
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Arabian Deserts 

•  3 primary desert 
regions 

•  Depending on 
location, dust 
from different 
sources is 
arriving: 

•  Rub Al Khali 

•  Sahara 

•  Iraqi Desert 

and Kim, 2007a, 2007b; Sun et al., 2008]. Iron is a key con-
stituent of aeolian dust [Zhu et al., 1997], and its deposition
into the ocean enhances phytoplankton blooms [Martin
et al., 1991; Gruber and Sarmineto, 1997; Jickells et al.,
1998; Sarthou et al., 2003] and potentially leads to ocean
cooling [Schollaert and Merrill, 1998]. Dust can affect
atmospheric chemistry, including sulfur dioxide concentra-
tions through physical adsorption and heterogeneous reac-
tions [Adams et al., 2005]. Dust storms can damage crops
and reduce soil fertility [Fryrear, 1981; Thiagarajan and
Lee, 2004]. Furthermore, dust storms dramatically affect hu-
man society. Reduced visibility can lead to traffic accidents
and vertigo in aircraft pilots [Morales, 1979; Hagen and
Woodruff, 1973; Middleton and Chaudhary, 1988; Dayan
et al., 1991; Yong-Seung and Ma-Beong, 1996]. Dust storms
can transport allergens and disease-spreading spores
[Leathers, 1981; Shinn et al., 2000; Pope et al., 2002;
Kampa and Castanas, 2008], trigger asthma and respiratory
ailments [Kar and Takeuchi, 2004; Chen et al., 2004; Gyan
et al., 2005; Thalib and Al-Taiar, 2012], and contaminate
drinking water [Clements et al., 1963].
[4] Saudi Arabia is a region of complex topography and

extensive deserts (Figure 1). Its three primary desert regions
are the Rub Al Khali (“Empty Quarter”, !600,000 km2) in
the southeast, An Nafud (!65,000 km2) in the northwest,
and Ad Dahna sand corridor (!40,000 km2) in the east,
connecting the previous two deserts. Remote desert regions
that can potentially serve as dust source regions to
Saudi Arabia include the vast Saharan Desert to the west
and Syrian and Iraqi (Al-Hajarah and Al-Dibdibah) Deserts
to the north. The Arabian Peninsula is bordered by the
Mediterranean Sea to the northwest, Red Sea to the west, Gulf
of Aden and Arabian Sea to the south-southeast, and Persian
(Arabian) Gulf to the east, with the Sarawat Mountains
(up to 3.3 km in elevation) along the peninsula’s west coast.
[5] According to Total Ozone Mapping Spectrometer

(TOMS) data, the most prolific dust source regions in the
world are the Sahara Desert, particularly the Bodélé
Depression in Chad (most active in spring), and the Rub Al
Khali along the Saudi Arabia-Oman border [Goudie and
Middleton, 2001, 2006; Giles, 2005]. Within the Middle East,
the TOMS aerosol index peaks over the Rub Al Khali and Ad
Dahna Deserts, and dust storms typically occur in areas with a
mean annual precipitation less than 100mm and a mean
annual potential evapotranspiration greater than 1140mm
[Goudie and Middleton, 2001, 2006]. Middle Eastern dust
storms are most frequent across Sudan, Iraq, Saudi Arabia,
and the Persian (Arabian) Gulf [Kutiel and Furman, 2003].
[6] An extensive discussion of the causes of Middle Eastern

dust storms is provided by Goudie and Middleton [2006].
According to Vishkaee et al. [2011], dust storms are primar-
ily triggered through dynamical lifting in the cool season,
related to cold fronts and their associated mid-latitude
troughs, or diurnal vertical mixing in the warm season,
related to solar heating. The most frequent trigger for dust
storms is a frontal passage, with strong winds associated
with intense baroclinicity. The concentration of atmo-
spheric dust is tightly correlated with wind velocity [Kutiel
and Furman, 2003]. Strong surface cyclones can also stir up
dust clouds. In monsoon regions, dust may be lifted into the
atmosphere along convergence zones between cold air
masses, associated with cyclones, and tropical anticyclonic

air masses. In areas of complex terrain, katabatic winds can
trigger localized dust storms. Dust can be delivered into the
atmosphere through convective plumes and vortices [Koch
and Renno, 2005]. Haboobs and dust devils are local causes
of dust-raising and transport. A haboob is a convection-
generated dust storm associated with the cool outflow from
a thunderstorm downdraft. Middle Eastern dust storm activ-
ity usually peaks during the daylight hours, when intense
solar heating of the ground generates turbulence and local
pressure gradients [Middleton, 1986a,1986b]. Dust activity
and the remotely-sensed aerosol index generally peak during
May–August across the Arabian Peninsula [Prospero et al.,
2002; Washington et al., 2003; Barkan et al., 2004; Goudie
and Middleton, 2006], when solar heating and climatological
wind speeds are greatest. However, Sharav (Saharan)
cyclones from the Mediterranean Sea [Trigo et al., 1999] are
responsible for the winter-spring peak in dust activity that
characterizes northern Saudi Arabia [Ganor et al., 1991;Herut
and Krom, 1996; Kubilay et al., 2000, 2005; Shao, 2001;
Kubilay et al., 2003].
[7] A strong northerly Shamal wind can lift up dust from the

Tigris-Euphrates Basin of Iran/Iraq and transport it to the
Persian (Arabian) Gulf and Arabian Peninsula [Middleton,
1986a,1986b], with severe Arabian dust storms often associ-
ated with the summer Shamal [Shao, 2001]. The Shamal
wind is usually generated by a strong baroclinic gradient
between a semi-permanent anticyclone over northern Saudi
Arabia and a transient cyclones over southern Iran, with
strong turbulent winds along the convergence zone that
are ideal for lifting dust into the atmosphere [Membery,

Figure 1. Map of the Middle East and North Africa, with
shaded elevation in meters. The source of the 0.25" # 0.25"

elevation data is TerrainBase (TBASE) from the National
Center for Atmospheric Research (NCAR) obtained through
the University of Washington. The 13 Saudi Arabian stations
analyzed in this study are identified by large dots. Red, green,
and yellow dots indicate stations with dust sources primarily
from the Rub Al Khali, Sahara, and Iraqi Deserts, respectively.
The six primary desert regions (Sahara, Rub Al Khali,
An Nafud, Ad Dahna, Syrian, and Iraqi) are labeled and iden-
tified with small dots.

NOTARO ET AL.: SAUDI ARABIAN DUST STORMS
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Seasonal Variability 

•  Clear seasonal cycle 
in dust storm 
frequency 

•  Bi-modal distribution 
due to changing 
transport regime 

•  Seasonal changes 
due to: 
•  Source areas 

•  Uplifting wind 
systems 

•  Transporting wind 
regime 

(MODIS) Terra and Aqua Daily Level-3 data set [Hsu et al.,
2004]. The MODIS instruments are onboard the NASA Earth
Observing System Terra and Aqua satellites [Salomonson
et al., 1989; Barnes et al., 1998]. The Deep Blue algorithm
uses radiances from blue channels on theMODIS instruments.
The surface reflectance is minimal at these wavelengths, so
aerosols may be detected by an increase in total reflectance
and spectral contrast [Hsu et al., 2004, 2006; Ginoux et al.,
2012]. Estimates of AOD are only considered reliable
over bright land surfaces [Marey et al., 2011; Ginoux et al.,
2012] and are characterized by substantial uncertainties up to
25–30% [Hsu et al., 2006]. More specifically, MODIS-
derived AODs have expected errors of !(0.05+ 0.15*AOD)
over land [Remer et al., 2005, 2008].

2.2. Trajectory Model
[12] A Lagrangian trajectory model describes the paths of

individual, infinitesimally small air parcels as they travel
through space and time [Dutton, 1986]. The resulting back-
ward trajectories contain information on wind direction,
wind speed, and atmospheric stability [Dorling et al.,
1992]. Here, we apply the Hybrid Single Particle Lagrangian

Integrated Trajectory Model from the National Oceanic and
Atmospheric Administration Air Resources Laboratory
[Draxler and Hess, 1998; Rolph, 2003; Draxler, 2006;
Draxler and Rolph, 2012]. Prior studies have applied
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated
Trajectory) backward trajectories to examine the sources
and pathways of dust events in China [Lee et al., 2010;
Logan et al., 2010], Iran [Vishkaee et al., 2011], Spain
[Cabello et al., 2012; Valenzuela et al., 2012], the Nile Delta
[Prasad et al., 2010], and Indo-Gangetic Plains [Prasad and
Singh, 2007], among other regions.
[13] Backward trajectories are computed using the Real-

time Environmental Applications and Display System
(READY) website [Rolph, 2012]. HYSPLIT uses the u- and
v-component of the wind, temperature, height, and pressure
at different atmospheric levels, typically from a reanalysis
product [Banacos and Ekster, 2010] or operational model runs
[Moore et al., 2012], to compute backward trajectories for air
parcels at specified heights above the ground. For the current
study, GDAS output is provided to the HYSPLIT model to
compute 84-h backward trajectories using a dust arrival height
of 500m. Backward air trajectories are typically computed for
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Figure 2. Mean seasonal cycle of the percentage frequency of dust storms at 13 Saudi Arabian stations
during 2005–2012. The dark bars indicate the most active month for each station. On the map, the
stations’ locations are shown, along with the most active month.
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Dust Transport from local Sources 

•  Main trajectory clusters 
highlighted by different 
colours 

•  Local sources within 
Saudi Arabia 

•  Northwestern 
trajectories associated 
with summer Shamal 

trajectories are cyclonic in nature, primarily those originat-
ing over the Mediterranean Sea (Figure 5b).
[26] Stations in Figure 4, labeled here as Type I stations,

generally have local dust sources within Saudi Arabia, namely
the Rub Al Khali (Sharorah, Wadi Al-Dawasser, Najran,
and Al-Baha), Ad Dahna (Riyadh), and An Nafud (Hail)
Deserts (Table 1). The position of Najran, Sharorah, andWadi
Al-Dawasser along the western fringe of the Rub Al Khali
Desert makes this desert a dominant source of dust to those
locations. For Al-Baha, along the coast of the Red Sea, the
two dominant trajectories are south-southeasterly fromYemen
and northwesterly from the northern Sahara Desert (Figure 4e),
with preferred peaks in February–March and June–July,
respectively. These two preferred paths explain the bimodal
seasonal cycle of dust activity at Al-Baha as noted in
Figure 2. The northwesterly trajectory is associated with
the summer Shamal.

[27] In contrast, stations in Figures 5 and 6 generally
receive their dust loadings from remote sources outside of
the country (Table 1). The primary remote dust sources are
the Saharan Desert, particularly for the “Type II” stations
of Yenbo, Tabuk, Jeddah, and Turaif (Figure 5), and the
Iraqi and Syrian Deserts, particularly for the “Type III”
stations of Arar, Hafr Al-Batin, and Al-Ahsa (Figure 6).
The Saharan Desert likely contributes the most dust to sta-
tions in west-northwestern Saudi Arabia. For example,
68% of Yenbo’s trajectories cross the Saharan Desert for a
mean of 26.1 h (Table 1). In eastern Saudi Arabia, close to
the Persian (Arabian) Gulf, the Iraqi Deserts are critical
sources of dust, with 60% and 50% of backward trajectories
crossing these deserts for Hafr Al-Batin and Al-Ahsa,
respectively (Table 1). For stations bordering the northern
Red Sea, such as Yenbo and Tabuk (Figures 5a and 5b),
the Mediterranean Sea track is quite active, with roughly

(f) Hail
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(c) Riyadh
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(b)Wadi Al-Dawasser
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Figure 4. K-means cluster analysis of 84-h backward trajectories (at 500m) for 100 dust storm days
during 2005–2012 at (a) Sharorah, (b) Wadi Al-Dawasser, (c) Riyadh, (d) Najran, (e) Al-Baha, and (f)
Hail. These stations primarily have local dust sources within Saudi Arabia. For these stations, the trajec-
tories are grouped into three clusters, shown in red, green, and blue, with the percent frequency and
dominant month of each trajectory cluster shown in the small black boxes. For each cluster, a representa-
tive trajectory is shown based on the maximum within-cluster silhouette coefficient. The gray shading
indicates the percentage of total backward trajectories passing through each grid cell.
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Dust Transport from remote Sources 

•  Stations primary 
receiving dust from 
sources outside 
Saudi Arabia 

•  Mainly from Saharan 
Desert (top) and 
Syrian/Iraqi Desert 
(bottom) 

•  Saharan Desert 
contributes most to 
dust arriving at 
stations in W to NW 
Saudi Arabia 

(a) Yenbo (b) Tabuk
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Figure 5. K-means cluster analysis of 84-h backward trajectories (at 500m) for 100 dust storm days during
2005–2012 at (a) Yenbo, (b) Tabuk, (c) Jeddah, and (d) Turaif. These stations primarily have remote dust
sources outside of Saudi Arabia, with a significant component from the Sahara Desert. For these stations,
the trajectories are grouped into three or four clusters, shown in red, green, blue, and orange, with the percent
frequency and dominant month of each trajectory cluster shown in the small black boxes. For each cluster, a
representative trajectory is shown based on the maximum within-cluster silhouette coefficient. The gray
shading indicates the percentage of total backward trajectories passing through each grid cell.
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Figure 6. K-means cluster analysis of 84-h backward trajectories (at 500m) for 100 dust storm days
during 2005–2012 at (a) Arar, (b) Hafr Al-Batin, and (c) Al-Ahsa. These stations primarily have remote dust
sources outside of Saudi Arabia, primarily from the Iraqi and Syrian Deserts. For these stations, the trajecto-
ries are grouped into three or four clusters, shown in red, green, blue, and orange, with the percent frequency
and dominant month of each trajectory cluster shown in the small black boxes. For each cluster, a represen-
tative trajectory is shown based on the maximum within-cluster silhouette coefficient. The gray shading
indicates the percentage of total backward trajectories passing through each grid cell.
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Figure 5. K-means cluster analysis of 84-h backward trajectories (at 500m) for 100 dust storm days during
2005–2012 at (a) Yenbo, (b) Tabuk, (c) Jeddah, and (d) Turaif. These stations primarily have remote dust
sources outside of Saudi Arabia, with a significant component from the Sahara Desert. For these stations,
the trajectories are grouped into three or four clusters, shown in red, green, blue, and orange, with the percent
frequency and dominant month of each trajectory cluster shown in the small black boxes. For each cluster, a
representative trajectory is shown based on the maximum within-cluster silhouette coefficient. The gray
shading indicates the percentage of total backward trajectories passing through each grid cell.
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Figure 6. K-means cluster analysis of 84-h backward trajectories (at 500m) for 100 dust storm days
during 2005–2012 at (a) Arar, (b) Hafr Al-Batin, and (c) Al-Ahsa. These stations primarily have remote dust
sources outside of Saudi Arabia, primarily from the Iraqi and Syrian Deserts. For these stations, the trajecto-
ries are grouped into three or four clusters, shown in red, green, blue, and orange, with the percent frequency
and dominant month of each trajectory cluster shown in the small black boxes. For each cluster, a represen-
tative trajectory is shown based on the maximum within-cluster silhouette coefficient. The gray shading
indicates the percentage of total backward trajectories passing through each grid cell.
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Dust Transport Regimes 

•  Winds resulting into 
dust uplift associated 
with eastward 
propagating ridge over 
Mediterranean Sea 

relative humidity for locations in central Saudi Arabia, close
to the Ad Dahna Desert (e.g., Riyadh, Wadi Al-Dawasser,
and Hail), and the highest for locations in western Saudi
Arabia, in close proximity to the Red and Mediterranean
Seas (e.g., Najran, Jeddah, and Turaif) (Figure 10). For air
parcels following a trajectory from the Mediterranean Sea,
once they pass over Saudi Arabia, the relative humidity

abruptly declines, as noted in Riyadh (Figure 10e, blue).
For Arar, trajectories from a maritime environment, like
the Mediterranean Sea (Figure 6a, blue), or cooler environ-
ment, like Eastern Europe (Figure 6a, orange), exhibit rela-
tively high relative humidity in contrast to trajectories that
mostly pass over the Syrian (Figure 6a, red) and Iraqi
Deserts (Figure 6a, green) (Figure 10h).
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Figure 9. Composite of daily (a–c, g–i, m–o) sea-level pressure (hPa) and (d–f, j–l, p–r) 500-hPa height
(m) anomalies on dust days. Results are shown for (Figures 9a–9f) Najran’s northerly trajectory cluster
(red, Figure 4d), (Figures 9g–9l) Al-Ahsa’s northwesterly trajectory cluster (green, Figure 6c), and
(Figures 9m–9r) Tabuk’s northwesterly trajectory cluster (blue, Figure 5b). Anomalies, computed from
the NCEP-NCAR Reanalysis, are shown for d-2 (2 days prior to the dust event), d-1, and d0 (day of the
dust event) in the first, second, and third columns, respectively. The number of composited dust days is
28, 44, and 15 for Najran, Al-Ahsa, and Tabuk, respectively. Hatching in the sea-level pressure anomaly
panels indicates MODIS AOD ≥0.6 for Najran and Al-Ahsa and ≥0.45 for Tabuk. Surface cyclone and
anticyclone centers and associated fronts are also displayed in the sea-level pressure anomaly panels.
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Dust Transport Regimes 

•  Winds resulting into 
dust uplift associated 
with eastward 
propagating H over 
Mediterranean Sea 

•  Wind system associated 
with pressure gradient 
between North African 
H and Caspian L 

relative humidity for locations in central Saudi Arabia, close
to the Ad Dahna Desert (e.g., Riyadh, Wadi Al-Dawasser,
and Hail), and the highest for locations in western Saudi
Arabia, in close proximity to the Red and Mediterranean
Seas (e.g., Najran, Jeddah, and Turaif) (Figure 10). For air
parcels following a trajectory from the Mediterranean Sea,
once they pass over Saudi Arabia, the relative humidity

abruptly declines, as noted in Riyadh (Figure 10e, blue).
For Arar, trajectories from a maritime environment, like
the Mediterranean Sea (Figure 6a, blue), or cooler environ-
ment, like Eastern Europe (Figure 6a, orange), exhibit rela-
tively high relative humidity in contrast to trajectories that
mostly pass over the Syrian (Figure 6a, red) and Iraqi
Deserts (Figure 6a, green) (Figure 10h).
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Figure 9. Composite of daily (a–c, g–i, m–o) sea-level pressure (hPa) and (d–f, j–l, p–r) 500-hPa height
(m) anomalies on dust days. Results are shown for (Figures 9a–9f) Najran’s northerly trajectory cluster
(red, Figure 4d), (Figures 9g–9l) Al-Ahsa’s northwesterly trajectory cluster (green, Figure 6c), and
(Figures 9m–9r) Tabuk’s northwesterly trajectory cluster (blue, Figure 5b). Anomalies, computed from
the NCEP-NCAR Reanalysis, are shown for d-2 (2 days prior to the dust event), d-1, and d0 (day of the
dust event) in the first, second, and third columns, respectively. The number of composited dust days is
28, 44, and 15 for Najran, Al-Ahsa, and Tabuk, respectively. Hatching in the sea-level pressure anomaly
panels indicates MODIS AOD ≥0.6 for Najran and Al-Ahsa and ≥0.45 for Tabuk. Surface cyclone and
anticyclone centers and associated fronts are also displayed in the sea-level pressure anomaly panels.
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Dust Transport Regimes 

•  Winds resulting into 
dust uplift associated 
with eastward 
propagating H over 
Mediterranean Sea 

•  Wind system associated 
with pressure gradient 
between North African 
H and Caspian L 

•  Dust uplift along cold 
front associated with 
mid-winter 
Mediterranean cyclone 

relative humidity for locations in central Saudi Arabia, close
to the Ad Dahna Desert (e.g., Riyadh, Wadi Al-Dawasser,
and Hail), and the highest for locations in western Saudi
Arabia, in close proximity to the Red and Mediterranean
Seas (e.g., Najran, Jeddah, and Turaif) (Figure 10). For air
parcels following a trajectory from the Mediterranean Sea,
once they pass over Saudi Arabia, the relative humidity

abruptly declines, as noted in Riyadh (Figure 10e, blue).
For Arar, trajectories from a maritime environment, like
the Mediterranean Sea (Figure 6a, blue), or cooler environ-
ment, like Eastern Europe (Figure 6a, orange), exhibit rela-
tively high relative humidity in contrast to trajectories that
mostly pass over the Syrian (Figure 6a, red) and Iraqi
Deserts (Figure 6a, green) (Figure 10h).

+3.2

+36

-36

+2.0

-2.0

+28

-28

+3.2

-3.2

+70

-70

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

(p) (q) (r)

Najran

Al-Ahsa

Tabuk

-3.2

Sea-Level Pressure

Sea-Level Pressure

Sea-Level Pressure

500-hPa Heights

500-hPa Heights

500-hPa Heights

Figure 9. Composite of daily (a–c, g–i, m–o) sea-level pressure (hPa) and (d–f, j–l, p–r) 500-hPa height
(m) anomalies on dust days. Results are shown for (Figures 9a–9f) Najran’s northerly trajectory cluster
(red, Figure 4d), (Figures 9g–9l) Al-Ahsa’s northwesterly trajectory cluster (green, Figure 6c), and
(Figures 9m–9r) Tabuk’s northwesterly trajectory cluster (blue, Figure 5b). Anomalies, computed from
the NCEP-NCAR Reanalysis, are shown for d-2 (2 days prior to the dust event), d-1, and d0 (day of the
dust event) in the first, second, and third columns, respectively. The number of composited dust days is
28, 44, and 15 for Najran, Al-Ahsa, and Tabuk, respectively. Hatching in the sea-level pressure anomaly
panels indicates MODIS AOD ≥0.6 for Najran and Al-Ahsa and ≥0.45 for Tabuk. Surface cyclone and
anticyclone centers and associated fronts are also displayed in the sea-level pressure anomaly panels.
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Low-level jet as dust-uplifting mechanism 

22.25N, 3.5E March 10, 2006 

[Schepanski et al., 2009] 



Low-level jet as dust-uplifting mechanism 

•  Embedded in Shamal winds 

•  Form in parallel to mountain ridges due to daily heating 
and cooling 

•  Heating effect may be more important than inertial 
oscillation for formation of LLJs 

•  Mountain channelling and land-sea breeze may enhance 
LLJ 



Haboobs 



Dust-uplift linked to Cyclones 

•  Wind/gusts associated with front passage 
•  Dust uplift by strong winds ahead of cold front 

•  Sharav cyclones: lee-cyclones enhanced by baroclinity 
•  Fast eastward moving (> 10m/s) 

•  Active warm front with high temperatures 
•  Shallow cold front 

•  Heavy dust fronts, low visibilities 
•  Frequently observed along Mediterranean coast 

 



Dust-uplift linked to Cyclones 

21 Feb 2007 15UTC 

22 Feb 2007 15UTC 

23 Feb 2007 15UTC 



Dust Variability: Summary 

•  Dust emissions are mostly caused by short-term 
meteorological processes. 

•  Variations in dust transport at the daily and sub-daily time 
scale is relevant for dust forecasting. 

•  Skills of models to correctly simulate (sub-) daily dust 
events depends on the model’s ability to reproduce the 
different meteorological events forcing dust emission. 

•  Dust transport can usually be captured well by forecast 
models. 



Seasonal Variability: AOT 

MISR AOT Dec 2001 – Nov 2002 

http://eosweb.larc.nasa.gov 



Seasonal Variability: Summary 

•  Seasonal changes in dust are controlled by 
•  Atmospheric circulation pattern, e.g. Shamal, Mediterranean 

cyclones 
•  Vegetation phenology 

•  Seasonal variability in dust is well characterised 
•  Long-term measurements: ground-based and space borne 

•  Most often, dust maxima over the Arabian Peninsula are 
observed in spring/early summer 



Year-to-Year Variability 

Model (AOD) Satellite (TOMS AI) 

Model results from TM3/ERA-15 

from I. Tegen 



Decadal Dust Variability 

•  Interannual/decadal change in dust concentration 
controlled by changes in dust sources 

•  Changes in meteorology and surface conditions possible 
causes 

Beijing “dust weather“ Dust emission 

Gobi dust 

from I. Tegen 



Dust Variability: Human Impact 

•  Impact on soil surfaces 
•  Cultivation in arid and semi-arid regions 
•  Overgrazing 

•  Deforestation 

•  Degradation of vegetation variety 
•  Soil erosion 

•  Road tracks 

•  Impact on climate 
•  Changes in natural vegetation 

•  Changes in local meteorology (precipitation, wind) 



Dust Variability: Agriculture 

•  Satellite z0 

•  ECMWF ERA15 

•  Year 1987 

•  Contribution of 
agricultural 
emission: ~6% 

 

•  Global estimates of 
dust fluxes from 
anthropogenic 
disturbed soil 
varies from 0-50% 

Natural emission 

Agricultural emission 

1800 Mt/yr 

100 Mt/yr Tegen et al., 2004 



Year-to-Year Variability: Summary 

•  Interannual changes in dust are less well understood than 
seasonal changes. 
-  Variability in atmospheric circulation, sediment supply within dust 

sources, vegetation, … 

•  Changes in Asian dust loads can be related to changes in 
large-scale circulation patterns. 

•  Human activities leading to disturbance of soil surfaces 
may lead to enhanced dust emissions – the magnitude of 
this effect is not yet known. 



Summary 

•  Dust varies not only spatially but also temporally at many 
scales. 

•  Dust over Arabian Peninsula originates from local sources, 
but also advected from remote areas such as the Sahara 
or Syria 

•  Daily time scale is relevant for regional forecasts, 
controlled by meteorology. 

•  Seasonal changes in dust are well characterised, 
controlled by meteorology and vegetation phenology. 

•  Interannual and decadal changes are controlled by climate 
and surface modification, e.g. land use 


