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This study addresses the question of cyclone contribution to dust transport events over the
Mediterranean. For this reason, we tracked and associated all intense cyclones in the period
2005-2012 with satellite estimations of the aerosol optical depth, the aerosol index and the
aerosol Angstrﬁm exponent. Results show that cyclones are related with up to 20% of the total

dust events over the Mediterranean, especially affecting its eastern side. When considering
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only the extreme dust events, the cyclone contribution may reach 70 %, highlighting cyclones
as one of the main factors for extreme dust transport events in the region.
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I. Introduction

Understanding the atmospheric systems that cause dust
transfer is crucial for the improvement of local air qual-
ity forecasting (Flaounas et al., 2009) and for deter-
mining the contribution of certain weather systems in
dust-related environmental and health risks. Moulin
et al. (1998) and more recently Gkikas et al. (2014) and
Varga et al. (2014) used satellite observations to analyze
the climatological atmospheric conditions that cause
dust transport over the Mediterranean. Their results
showed that the dust transport events were constantly
associated with cyclonic conditions over North Africa,
especially in spring and summer periods, when North
Africa cyclones are frequent (also known as Sharav
cyclones; Engelstaedter et al., 2006). Indeed, Fiedler
et al. (2014) showed that 90% of dust uptake over the
Saharan desert is due to depressions, such as the Saha-
ran heat-low, while almost 25% of the total dust emis-
sions in spring are due to cyclones occurring over North
Africa.

Sharav cyclogenesis takes place mainly in spring,
when the resulting cyclones are typically of weaker
intensity, compared with the stronger winter and
autumn Mediterranean cyclones (Hannachi et al.,
2011; Ammar etal., 2014). Nevertheless, intense
cyclones are known to be related to dust transport
throughout the year in the region. For instance Bou
Karam et al. (2010) analyzed a strong cyclogenesis
case that occurred over the southern side of the Atlas
Mountain in February 2007. The cyclone lasted 5 days,
transferring large amounts of desert dust over the
eastern and central Mediterranean, until its dissipation
over the Middle East.
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Several atmospheric factors might be responsible for
dust emissions over North Africa, including local cir-
culations, wind surges and larger scale depressions
(Knippertz and Todd, 2012). Among these factors,
cyclones present a particular interest due to their capac-
ity to transport dust in large distances over the Mediter-
ranean region (e.g. Bou Karam eral., 2010; Fiedler
et al., 2014). The scientific literature currently suffers
from the lack of a systematic study that shows the
importance of the role of cyclones on dust transport in a
climatological context. To this end, we apply a straight
forward methodology associating cyclonic circulations
of intense cyclones with dust presence over the Mediter-
ranean basin. Thus, we aim at quantifying the cyclone
contribution to dust transport events. Section 2. pro-
vides an explanation of the methodology and datasets
used. Section 3. presents our results and finally Section
4. hosts the discussion and the conclusion of the results.

2. Datasets and methods

2.1. Cyclone tracking method

Cyclones are tracked during the 8-year period of
2005-2012. For this reason we applied the method
developed by Flaounas et al. (2014), where cyclones
centers and intensities are defined by the grid point
and magnitude of relative vorticity local maxima at
850 hPa. Cyclones have been tracked using the 6-hourly
850 hPa relative vorticity fields of ERA-Interim in a
standard horizontal grid spacing in longitude and lati-
tude of 0.75° x 0.75° (Dee and Uppala, 2009). Tracking
has been performed within the region illustrated in
Figure 1(a), where we retained only the systems that



presented a life-time of at least 1day (i.e. at least five
track points) and maximum intensity of more than
8x 107> s~!. This intensity threshold has been previ-
ously used in Flaounas et al. (2013) and was shown
to be adequate for discriminating the intense Mediter-
ranean cyclones. In fact, the filters applied on lifetime
and intensity provide a high degree of confidence that
the tracked features correspond to cyclones in the
sense of strong long lasting vortices. Consequently, our
study identified 1055 cyclones for the whole 8-year
period, evenly distributed over the period with about
130 cyclones per year. The latter is consistent with
the results by Campins efal. (2011) who analyzed
Mediterranean cyclones climatology and found about
100 intense cyclones per year.

Figure 2(a) presents the histogram of the maximum
intensity for all tracked cyclones in terms of maxi-
mum relative vorticity. A sharp decrease is observed
for approximately 90% of the cases within the range
of 8x1072s7! to 12x1075s~!, while the rest- and
strongest cyclones- account for about 15 cyclones per
year. The seasonal dependency of all tracked cyclones
(Figure 2(b), gray line) comes in accordance with previ-
ous studies on intense Mediterranean cyclones climatol-
ogy, presenting a pronounced maximum of occurrence
in winter and a minimum in summer (e.g. Campins
etal., 2011; Flaounas et al., 2013). Indeed, intense
Mediterranean cyclogenesis mainly occurs in winter,
when the intrusion of high tropospheric potential vor-
ticity streamers is favored by the seasonal location of
the polar jet (Chaboureau et al., 2012; Flaounas et al.,
2015).

2.2. Satellite observations and dust events

In this analysis, Collection 051 Moderate Resolution
Imaging Spectroradiometer (MODIS) Aqua level 3
daily gridded data (MYDO8_D3) is used provided
at grid spacing of 1°x 1° in longitude and latitude.
Additionally, the corresponding MODIS-Terra data
(MODO08_D3) is used in cases where the Aqua retrievals
are not available. MODIS instrument on board the Terra
and Aqua satellites — with daytime equator crossing
time at 1030 and 1330 UTC, respectively, and 2330 km
viewing swath — provides almost daily global coverage
for various aerosol optical properties including aerosol
optical depth (AOD). The retrieval of MODIS aerosol
data is performed by separate algorithms (e.g. Remer
et al. (2005)), depending on the underlying surface
type (land or ocean). Moreover, the MODIS Deep Blue
product was also used, which enables the retrieval of
aerosol optical properties over the bright Sahara desert
surfaces through the Deep Blue (DB) algorithm (Hsu
et al., 2004). The accuracy of the AOD retrievals has
been certificated based on evaluation analyses, both on
a global or regional sca against the Aerosol Robotic
Network (AERONET) sun photometer measurements
(e.g. Remer et al., 2008; Levy et al., 2010; Shi et al.,
2013). It has been found that the performance of the
retrieval algorithm of MODIS Collection 005 AOD
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is better over maritime (£+0.03 +0.05x AOD) than
continental (20.05+0.15X AOD) areas. From the
MODIS database, we have used AOD at 550 nm and
Angstrsm Exponent (AE) over land (470—660 nm) and
ocean (550—865nm), both derived by the Dark Target
(DT) algorithm, while over deserts we have used AOD
at 550 nm and AE (412-470 nm), both derived by the
DB algorithm.

Absorption Aerosol Index (AI) data were taken
from OMI-Aura (Ozone Monitoring Instrument) mea-
surements (Torres et al., 2007). This aerosol record
is obtained at near-UV spectral wavelengths, with
an uncertainty of +0.1, provided on a daily basis,
and it is a qualitative parameter associated with
the presence of UV-absorbing aerosols (e.g. desert
dust). The OMI-Aura and MODIS-Aqua observations
are made at around the same time since Aura and
Aqua satellites are flying in the A-Train constellation
(http://atrain.nasa.gov/).

In our study we consider the presence of dust, when
satellite retrievals present AE <0.7 and AI> 1. More
specifically, AE information can be used for separating
coarse mode from fine mode particles. In past studies,
Dubovik et al. (2002) have proposed a threshold of
AE < 0.9 for the case of mineral dust particles, while for
the Mediterranean region, Bryant et al. (2006) proposed
a threshold of AE < 0.6 for dust cases. In order to
discriminate sea salt from dust, we have used Al as an
indicator of aerosol absorptivity. Herman et al. (1997)
and Torres et al. (1998) have shown that negative values
of Al indicate the presence of nonabsorbing aerosols
(e.g. sea salt particles), whereas positive Al values
(mostly >1) indicate absorbing aerosols (e.g. dust).

2.3. Attributing dust events to cyclones-related
circulations

To be consistent with the MODIS observations, we
take into account only the cyclone track points detected
at 1200 UTC of each day. For these track points we
plot all the wind streamlines at the 850 hPa level and
we retain only the streamlines ending within 500 km
around each cyclone center. The 500 km radius is taken
here as the representative radius of intense Mediter-
ranean cyclones, while cyclone circulation at the level
of 850 hPa (approximately 1500 m above sea level) is
consistent with the level of dust transport over the east-
ern Mediterranean (Griffin et al., 2007).

As an example of our methodology, Figure 1(a)
shows the streamlines associated with an intense dry
cyclone (ending within the black circle of 500 km radius
around the cyclone center) that caused a major dust
outbreak in February 2007 over North Africa (Bou
Karam et al., 2010). Figure 1(b) shows the areas pre-
senting dust (AE < 0.7 and AI> 1) and the domain’s
AOD at the timing of the cyclonic circulation, shown
in Figure 1(a). In order to connect cyclonic circulation
with dust transport, our method associates the 1° x 1°
latitude —longitude grid points presenting dust (depicted
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(a) Wind circulation at 850hPa (b) Dust detection and aerosol optical depth
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Figure |. Methodology paradigm on associating dust transport with cyclones: the February 2007 case. (a) The cyclone track is
represented by the thin black line, while the black dot depicts its location at the cyclone’s mature stage at 1200 UTC, 22 February.
Only wind streamlines (gray lines) ending within the 500 km radius around the cyclone center (thick black circle) are plotted. (b)
The grid points presenting dust are depicted by red crosses (grid points presenting AE < 0.7 and Al> |) and AOD is plotted in
color. The black contour outlines the cyclonic circulation as defined by the streamlines shown in (a).
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Figure 2. (a) Histogram of cyclones maximum intensity per season for the whole period of 2005-2012 (all cyclones present
maximum intensity of more than 8 x 107> s~'). Numbers in legend show the total number of cyclones tracked per season. (b)
Seasonal cycle with respect to the annual total of (i) all detected cyclones (gray line), (ii) of all cyclones associated with dust events
of moderate intensity (blue line), (iii) of all cyclones associated with high intensity (green line) and (iv) of all cyclones associated

with extreme intensity (red line).

by red crosses in Figure 1(b)) with cyclone circula-
tion within the overlapping area (depicted by the black
contour in Figure 1(b)). The dust associated with these
grid points is considered to have been transferred by
the cyclone or more generally to be ‘under the influ-
ence of the cyclone-induced circulation’. This proce-
dure is repeated for all 1055 detected cyclones within
the 8-year study period.

3. Results

Figure 3(a) shows the percentage of days that dust
is observed over the broader Mediterranean. In accor-
dance with Gkikas et al. (2013), the higher frequency
of dust events is observed over North Africa, the Ara-
bian Peninsula and the Atlas-Ahaggar plateau (centered
at 22°N, 10°W). On the other hand, the Mediterranean
Sea is affected by dust approximately in 5—10% of
the total of days in our 8-year period. In order to
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quantify the cyclones contribution to the dust trans-
port in the region we use the methodology described
in Section 2.3. Figure 3(b), shows the total contribu-
tion of cyclones to dust transport events, defined at
each grid point separately as the fraction of number of
days when dust overlaps with cyclone-related stream-
lines, divided by the total number of days with dust.
Results show that dust transport by intense cyclones
is more frequent over the central and eastern Mediter-
ranean (about 25-30%). Interestingly, the areas where
cyclones-related dust transport contributes by more than
10% to the total of dust days match fairly well the
Sharav cyclone tracks density (e.g. Hannachi et al.,
2011, their Figure 6), as also with the air masses tra-
jectories which have caused major dust transport events
over the eastern Mediterranean (Gkikas et al., 2013).
In order to analyze the dependency of the intensity
of dust transport events to cyclones, we have assigned
three classes of dust days intensities, using the ranges
of 25-75%, 75-95% and 95—-100% quantiles of AOD
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(a) Total dust events
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(e) Cyclones contribution to extreme dust events
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(b) Cyclones contribution to dust events
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(d) Cyclones contribution to high dust events
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Figure 3. (a) Percentage of days with dust (grid points presenting AE < 0.7 and Al > 1) over the Mediterranean region for the whole
8-year period. (b) Percentage of dust days associated with cyclones. (c) Percentage of dust days of moderate intensity associated
with cyclones. Dots represent cyclone locations contributing to dust days of moderate intensity (black dots denote winter cyclones,
magenta dots denote spring cyclones, green dots denote summer cyclones and blue dots denote autumn cyclones). (d) As in (c),
but for dust days of high intensity associated with cyclones. (e) As in (c), but for dust days of extreme intensity associated with

cyclones.

per grid. Applying the same approach for deducing
Figure 3(b), but taking into account only dust days
within the three AOD classes, Figure 3(c)—(e) show
the cyclone contribution to moderate, high and extreme
dust events, respectively. For moderate dust transport
events, the cyclone contribution is of the order of
10—-20% of the total number of dust days, especially
when centered in the eastern Mediterranean. On the
other hand, when considering high and extreme dust
transport events, the cyclone contribution rises signifi-
cantly. Indeed, in the central and eastern Mediterranean
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Sea, cyclones are associated with 40—50% of the total
number of high and extreme dust presence. In fact, this
percentage might reach as much as 70% in certain areas.
Based on this, the higher intensities of dust episodes
in the central and eastern parts of the Mediterranean
Sea (e.g. Gkikas et al., 2013, their Figure 7) can be
partly attributed to the increased contribution of intense
cyclones to the transported dust loads.

In addition to the contribution of cyclones to dust
transport, Figure 3(c)—(e) also show the locations and
seasonality of the detected cyclones that contribute
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to moderate, high and extreme dust transport events,
respectively. When considering moderate episodes, the
contributing cyclone locations seem to be spread all
over the Mediterranean irrespective to the season. On
the other hand, as the dust events intensity increases, the
cyclone locations tend to concentrate over the Mediter-
ranean Sea and their timing of occurrence becomes
more frequent in spring (Figure 3(d) and (e)). The lat-
ter is further explored in Figure 2(b), where we show
the seasonal cycle of all detected cyclones and the sea-
sonal cycle of the cyclones that contribute to moder-
ate, high and extreme dust transport events. Clearly,
the extreme dust transport events present their maxi-
mum percentage of occurrence during spring. It is also
noteworthy that the monthly percentage of associated
cyclones with dust transport events (moderate, high
and extreme) reaches approximately 60% of the total
number of tracked cyclones on average over the whole
domain.

Our results suggest that the intense cyclones that
occur in winter do not necessarily contribute to the most
intense dust transport events (Figure 2). This is consis-
tent with the fact that heavy precipitation is often associ-
ated with these systems and hence dust transport would
be expected to present a sharp decrease due to aerosols
wet removal through rainfall (e. g. Fiol et al., 2005). On
the other hand, such a concluding remark cannot be con-
firmed because the retrieval of AOD, AE and Al indices
from satellite measurements is sensitive to cloud cov-
erage. Consequently, the satellite observations that we
used here suffer from missing values, especially when
intense winter and autumn cyclones develop their char-
acteristic comma shaped cloud coverage in the region.
However, this is not expected to jeopardize the robust-
ness of our results over North Africa, where the Sharav
cyclones typically begin their lifetime as dry vortices.

4. Conclusion

In this study we objectively quantified the contribu-
tion of intense Mediterranean cyclones to the total dust
transport events in the region. Our approach was based
on satellite observations and atmospheric reanalysis in
order to acquire realistic results, during an 8-year period
(2005-2012). Our results showed that cyclones con-
tribute through transport to approximately 10—-25% of
the total number of days with dust over the eastern
Mediterranean. However, their contribution rises signif-
icantly when considering extreme dust transport events.
Indeed, the cyclones we tracked were shown to be asso-
ciated with as much as the 30—70% of the total num-
ber of extreme dust events over the central and eastern
Mediterranean.

Our study highlights the importance of cyclones, as
main contributors to extreme dust events in the Mediter-
ranean region. Indeed, North Africa cyclogenesis may
result to the uptake of heavy dust loads, trap them
within the cyclones’ mesoscale vortex and transport
them over the Mediterranean basin causing major air
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quality events. A drawback of this study is the exis-
tence of clouds which prohibit measurements of the
optical properties of dust within cloudy atmospheric
systems. This is highly inconvenient, especially in win-
ter when the strongest cyclones are expected to develop
over the Mediterranean Sea. Quantifying dust trans-
port within convection is further problematic due to
the particles — clouds interactions (semi-direct, indirect
effects). For this reason, future work will be devoted
to the modeling analysis of heavy dust loads transport
events by cyclones, aiming first to better understand
the interaction processes between heavy atmospheric
dust loads and microphysics, and also to evaluate dust
impact on cyclones dynamics and thermodynamics.
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