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HIGHLIGHTS GRAPHICAL ABSTRACT

Utilizing high-resolution model im-
proves the representation of mesoscale
dynamics and reduces surface PM;q
biases.

Errors in synoptic transport cause an
overestimation in surface PM;o by mov-
ing the dust plume faster than the ob-
served.

Modeled AODs are often not correlated
with modeled surface concentrations,
negative correlations occur due to aero-
sol aloft.
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to investigate the spatial and temporal distribution of a Saharan dust outbreak, which contributed to high levels
(>50 ug/m?) of daily PM;, concentrations over Turkey in April 2008. Aerosol optical depth and cloud optical
thickness retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on board of

Editor: P. Kassomenos Aqua satellite are used to better analyze the synoptic conditions that generated the dust outbreak in April
2008. A “Sharav” low pressure system, which transports the dust from Saharan source region over Turkey

Keywords: along the cold front, tends to move faster in WRF-Chem simulations than observed. This causes the predicted

Saharan dust dust event to arrive earlier than observed leading to an overestimation of surface PM;o concentrations in WRF-

WRF-Chem Chem simulation at the beginning of the event.

HTAP © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

Air quality (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Eastern Mediterranean

1. Introduction Health Organization (WHO) states that particulate matter (PM) has
more negative impacts on people than other pollutants and mineral
Air pollution is one of the main threats on human health (Nel, 2005), dust is one of the largest components of PM. In a study conducted by

ecology (Grantz et al., 2003) and climate (Fuzzi et al., 2015). The World Engelstaedter et al. (2006) the Saharan Desert is found to be the major
contributor to the global dust budget with an estimated annual dust
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>50% of the total global dust emissions. In their study, Kaufman et al.
(2005) found that 240 4 80 Tg of African dust is transported every
year over the Atlantic Ocean reaching every corner of the globe. 20 Tg
follows a transport route towards Africa and Europe at 30N-50N, in-
cluding Mediterranean. Air pollution is considered as one of the main
environmental threats in the Mediterranean Basin, since it is the cross-
road of air masses transporting from Europe, Asia, Africa, and Middle
East (Lelieveld et al., 2002). In addition to intercontinental transport of
natural pollution sources from North Africa and anthropogenic emission
sources from Europe, local emissions also have significant effects on air
pollution levels in the Mediterranean Basin and air quality limits are
often exceeded (Kanakidou et al., 2011; Paschalidou et al., 2015).

Atmospheric modeling helps us to understand the complex nature
of aerosol formation and its impact on air quality. In the atmosphere,
both meteorological parameters and chemical processes play important
roles in air quality. Chemistry can influence the meteorology directly by
influencing the radiation budget or indirectly by modifying the aerosol-
cloud interactions. Meteorological parameters such as clouds, winds
and precipitation also affect chemical transformation, transport and re-
moval processes. The differences between online and offline air quality
modeling methodologies were tested by Grell et al. (2004). Analysis of
meteorological factors and chemical profiles showed that offline simu-
lations are likely to have less accuracy in the vertical mass distribution
compared to online modeling. Trace gases and particulates can be sim-
ulated at the same time step with the meteorological fields by a fully
coupled “online” Weather Research and Forecasting/Chemistry model
(WRF-Chem), a version of the non-hydrostatic model WRF
(Skamarock et al., 2001). The meteorological and air quality compo-
nents are fully consistent with each other since they use the same
time step and transport scheme, as well as the same horizontal and ver-
tical components of the grid (Grell et al., 2005; Fast et al., 2006).

Numerous studies have used WRF-Chem to understand a broad
range of atmospheric chemistry issues (Tie et al., 2007; Tie et al,,
2013; Chen et al., 2013; Kumar et al., 2012; Sessions et al., 2011;
Follette Cook et al., 2015). However, only a few studies have been con-
ducted that focus on natural dust related problems. Khan et al. (2015)
utilized WRF-Chem to simulate the meteorological fields and the size
distribution of the dust over northwest Africa in order to explore micro-
physical, and chemical properties of the Saharan dust. They found that
orographic lifting, and land sea breeze interactions are the key mecha-
nisms for aerosol plume formation. In another study, WRF-Chem was
used to explain the seasonal and inter-annual variations of Asian dust
balance, its direct radiative forcing, and estimates of the dust lifecycle
contributions from transport, and dry and wet deposition (Chen et al.,
2014). They showed that the WRF-Chem model was successful in simu-
lating overall characteristics of mineral dust over the dust source region
and dust direct radiative forcing, which resulted in atmospheric
warming, with surface and TOA (top of atmosphere) cooling over East
Asia. Kumar et al. (2014) used WRF-Chem to simulate the spatial and
temporal distributions of dust plumes over northern India. The results
showed an underestimation of Aerosol Optical Depth (AOD) compared
to the AOD values obtained from AERONET (AErosol RObotic NETwork)
sites. AERONET is a network of ground-based aerosol remote sensing
that measure atmospheric aerosol properties (Holben et al., 1998).

In this current study, the Goddard Chemistry Aerosol Radiation and
Transport (GOCART) bulk aerosol scheme (Chin et al., 2002) is used to
represent atmospheric aerosol processes. This bulk approach, which
represents the aerosols by total mass, is considered the simplest way
to account for aerosols in numerical models. The GOCART aerosol
scheme only accounts size information for dust and sea salt aerosols,
and does not represent internally mixed aerosols, so there is no repre-
sentation of particle coagulation processes in the model (Baklanov
et al., 2014). The GOCART simple aerosol scheme (chem_opt = 300)
does not include ozone chemistry, and PM;q is determined from
GOCART only. There are also other more complex aerosol schemes avail-
able within WRF-CHEM model such as modal (MADE/SORGAM), and

sectional (MOSAIC) schemes. However, we used GOCART bulk scheme
due to its computational and numerical efficiency.

Literature studies show that the Saharan dust outbreaks more fre-
quently occur in the Mediterranean Basin during the spring and fall
transition seasons (Rodriguez et al., 2001; Gerasopoulos et al., 2006;
Kallos et al., 2007; Mitsakou et al., 2008; Querol et al., 2009). Sahara
dust transport into the Mediterranean Basin in the spring months is
driven by intense baroclinic systems called Sharav cyclones (Meloni
et al., 2007; Nastos, 2012). These cyclones develop downwind and to
the south of the Atlas Mountains (which stretch through Morocco,
Algeria and Tunisia, see Fig. 3 [10°W-10°E; 30°-35°N]) due to the con-
vergence of cold marine air from the Atlantic and warm continental air
(Alpert and Ziv, 1989). Dust mobilization occurs within the frontal re-
gion of these depressions due to the strong (>10 m s~ !) but steady
winds along the coastal thermal gradient. These cyclones tend to
move eastward along the southern coast of the Mediterranean Sea
transporting dust over long distances towards the Eastern Mediterra-
nean (Alpert and Ziv, 1989; Moulin et al., 1998; Barkan et al., 2005).

Previously, we utilized the Real-time Air Quality Modeling System
(RAQMS) (Pierce et al., 2007), which includes assimilation of satellite
AOD retrievals, to investigate the possible impacts of Saharan dust on
Turkey's air quality in April 2008. The RAQMS model was found to over-
estimate the surface PM;, over Turkey by up to a factor of 5 (Kabatas
et al., 2014). We hypothesized that this over estimate was due to its
coarse resolution (2 x 2°) and inability to resolve local topographic var-
iations. In this study, a series of higher resolution online-coupled re-
gional WRF-Chem model simulations, driven by RAQMS lateral
boundary conditions (LBC), are used to test this hypothesis. A 0.1° x
0.1° spatial resolution Hemispheric Transport of Air Pollution (HTAP)
emission inventory (Janssens-Maenhout et al., 2012) is also incorpo-
rated into WRF-Chem and the updated model is utilized to investigate
the spatial and temporal distribution of Saharan mineral dust transport
over the Eastern Mediterranean for April 2008. This is the first WRF-
Chem study investigating natural dust influences on air quality in the
Anatolian Peninsula.

2. Data and methodology
2.1. Ground observations

The ground observations used in this study are obtained from the
Turkish Ministry of Environment and Urbanization, which have been
described and analyzed previously by Kabatas et al. (2014). The analysis
of surface PM;q concentrations at the Turkey ground sites showed that
the maximum mean daily PM;q concentration occurred on April 14,
2008 with a value of ~170 pg/m>, which was also the maximum daily
mean PM;o concentration measured throughout 2008 (Fig. 1).

The previous RAQMS analysis, along with Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) (Winker et al.,
2007), Terra and Aqua MODIS AOD observations showed that high
levels of PM10 observed in April 2008 were found to be related to the
long range transport of Saharan dust over Turkey (Kabatas et al., 2014).

2.2. Model description

The comparison of the previous 2 x 2 degree Real-Time Air Quality
Modeling System (RAQMS) model to ground observations is shown in
Fig. 2. The scatterplot is colored by the density of the data points. The
statistical analysis shows the correlation between RAQMS model and
the ground observations is 0.45, and that RAQMS overestimates the
ground observations with model high biases of 232.5 pg/m>.

In this study, we use RAQMS to provide LBC for WRF-Chem nested
simulations (30 km outer and 10 km nested domains) to investigate
the impact of model resolution on the spatial and temporal distribution
of Saharan mineral dust transport over Eastern Mediterranean in April
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Fig. 1. Time series comparisons of ground observations (black), 30 km WRF-Chem (red)
and 10 km WRF-Chem (blue) simulations. Red dashed line indicates the European
Commission's daily air quality standard.

2008. Fig. 3 shows both 30 km and 10 km domains on top of a map
showing terrain height.

GOCART (Chin et al., 2000) simulates five major tropospheric aerosol
types including sea salt, dust, sulfate, and hydrophilic and hydrophobic
components of black (BC) and organic (OC) carbon. GOCART module
represents emission, advection, convection, and total deposition that
determine each aerosol species' evolution. Dust emission is determined
as a function of surface wind speed, and surface wetness. Sea salt emis-
sion is mainly a function of wind speed at 10 m, similar to dust uplifting
(Chin et al., 2000, 2002; Ginoux et al.,, 2001). In this study, the size dis-
tribution is modeled into five size bins for dust (0.73-8.0 um), and four
size bins for sea salt (0.3-7.5 um).

WRF-Chem supports high resolution (up to 4 km) anthropogenic
emissions from the National Emissions Inventory (NEI) over the conti-
nental United States (CONUS), but uses low resolution (1° x 1°) Emis-
sion Database for Global Atmospheric Research (EDGAR) emissions for
other regions. In order to improve the representation of the local emis-
sions during the dust outbreak over Eastern Mediterranean, a higher
resolution EDGAR anthropogenic emission inventory developed in co-
operation with the Task Force on Hemispheric Transport of Air Pollution
(TF HTAP) that consists monthly 0.1° x 0.1° global grids for year 2008 is
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Fig. 2. Scatterplot for 2 x 2 degree RAQMS model and ground observations. Each color in
the scatterplot represents the number of data points falling into each scatterplot bin.
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Fig. 3. WRF-Chem domains configured to cover Eastern Mediterranean (30 km outer
domain) and Anatolian Peninsula (10 km inner domain) with topography map.

used. We combined EDGAR HTAP SO,, OC, BC, PM;o, PM; 5 emissions
from Energy, Industry, Transport, and Residential sectors and replaced
them in original EDGAR emission inventory to create higher resolution
anthropogenic emissions over Eastern Mediterranean.

WRF-Chem biomass burning emissions uses Wild Fire Automated
Biomass Burning Algorithm (WF-ABBA) wildfire detection (Prins and
Menzel, 1994). For the region of this study, WF-ABBA fire detection
and characterization from the Spinning Enhanced Visible and Infrared
Imager (SEVIRI) onboard the Meteosat Second Generation (MSG) satel-
lite were used to provide biomass burning emissions which were up-
dated every 24 h.

The simulation presented here is associated with a dust storm that
affected Eastern Mediterranean, especially Anatolian Peninsula, for
April 2008. The outer WRF-Chem domain, with a horizontal resolution
of 30 km, covers Europe in the west, Caspian Sea in the east, Scandinavia
in the north and Sahara in the south (Fig. 3). WRF-Chem version 3.5.1 is
configured to cover Eastern Mediterranean (—10.0°W-60.0°E, 30.0°S-
70.0°N) with 190 west-east and 158 north-south grid points for the
outer domain and 35 vertical layers up to 10 hPa. The high-resolution
experiment has 10 km horizontal resolution, 262 west-east, 181
north-south grid points and the same 35 vertical layers as the 30 km
outer domain.

The following physical parameterizations were used for both outer
and nested runs: the Noah land surface model, Mellor-Yamada-Janjic
Planetary Boundary Layer (PBL) (Janji¢, 1994) and the Grell Cumulus
Parameterization scheme. Meteorological fields are initialized and LBC
are obtained from 6 hourly NOAA National Center for Environmental
Prediction (NCEP) Global Forecast System (GFS) analyses. Aerosol LBC
are obtained from 6 hourly RAQMS 2 x 2 degree global analyses. The
simulation domain of this study does not cover North Africa, conse-
quently, a significant portion of main dust source area is not included
in the outer domain. However, by using 2 x 2 degree global RAQMS
analysis, dust transport from North Africa is included through LBC. As
noted previously, we compared RAQMS aerosol analyses with
CALIPSO measurements to verify that RAQMS was able to capture the
long range dust transport from its North African source region across
the Mediterranean Sea (Kabatas et al., 2014). In order to account for
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in-cloud rainout and below-cloud washout in large-scale precipitation,
we set wet scavenging to “—10” (Grell, personal communication,
December 2016) in the WRF-Chem name list. WRF-Chem was run in
the above configuration for entire month of April 2008.

3. Results

Fig. 1 shows comparison of daily PM;, concentration of ground ob-
servations, WRF-Chem outer domain (30 km) and nested domain
(10 km). The model daily mean prediction averaged over all ground ob-
servation sites (118 stations) is consistent with observations suggesting
that the model captures the overall temporal evolution very well, yet all
runs tend to overestimate the high values of PMq (e.g. April 12, 2008)
while they underestimate low PM;q events (e.g. April 16, 2008). It
should be noted that the over prediction of WRF-Chem is much less
than the RAQMS over prediction.

Fig. 4a, and b shows scatterplots of individual daily ground observa-
tions to the WRF-Chem outer domain (30 km), and WRF-Chem nested
domain (10 km), respectively. As mentioned earlier, each color in the
scatterplot represents the density of the data. The 30 km WRF-Chem
run slightly underestimates the ground observations by 1.98 ug/m?
while 10 km WRF-Chem run overestimates the ground observations
by 2.86 pg/m°. The correlation of 10 km run (0.477) is slightly higher
than the 30 km run (0.467), and the root mean squared error of
30 km WRF-Chem run is smaller than WRF-Chem 10 km (62.64 pg/
m> 65.13 pg/m>, respectively).

Utilizing the WRF-Chem 30 km and 10 km forecasts instead of the 2
x 2 degree RAQMS analysis results in slight improvements in the corre-
lation and significant reductions biases and RMSE (see Fig. 2). For the
WRF-Chem simulations, we find that utilizing a higher resolution do-
main leads to changes in biases from low positive biases to slightly
higher negative biases. The higher resolution WRF-Chem domain also
adds more variance to the surface PM, predictions, leading to the in-
crease in RMSE values.

To assess the skill in predicting dust events, we separated the WRF-
Chem forecasts into high and low dust events, defined by the dust mass
fraction (ratio of dust to the total PM10 concentration). Correlations be-
tween ground observations from all 118-ground stations and 30 km
WRF-Chem run is found to be 0.43 when the dust mass fraction is
>50%, and 0.30 when the dust mass fraction is <50%. Correlations be-
tween ground observations and the 10 km WRF-Chem nested run is
found to be 0.47 when dust fraction is over 50% and 0.29 when the
dust fraction is <50%. This shows that the higher resolution 10 km do-
main improves the overall dust predictions compared to 30 km domain
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results during the dust event. This analysis also shows that neither
WRF-Chem run can adequately predict the PM;q that is associated
with the local emissions when dust is not the dominant aerosol, even
with the higher resolution HTAP emission inventory used in this study.

Fig. 5a-c shows surface PM;q predictions for both WRF-Chem 30 km
domain and 10 km domain and the observed PM;q and is used to under-
stand the aerosol transport during the dust event. We focus on April 12,
where both models overestimated the daily in situ measurements, April
14, where the models and in situ measurements have a good agree-
ment, and April 16, 2008, where the models underestimated the daily
in situ measurements (see Fig. 1). It should be noted that the ability to
assess the gradient of surface PM;o concentration between west and
east part of Turkey is affected by the representativeness of the position-
ing of ground-based air quality monitoring sites as well as their data
availability.

Saharan dust dominates the whole region when it is transported
from North Africa over the Mediterranean Sea to Turkey with surface
values around 250 pg/m?> (~2.4 log;o) throughout the high dust event
episode (11-18 April 2008). During the dust event, dust is transported
from North Africa over the Mediterranean Sea to Turkey by southwest-
erly winds. For the first few days, dust intrusions affect the western part
of Turkey as well as southern Italy and southeastern Balkans. On April
12, 2008 (Fig. 5a) dust reaches out to Anatolian peninsula, and it domi-
nates the region on April 14, 2008 (Fig. 5b). For the rest of the episode,
the Saharan dust cloud covers Turkey, moving towards eastern part of
Turkey by the end of the episode. Towards the end of the episode
(starting on April 16, 2008 (Fig. 5¢)), clean continental air is transported
from the northwest into the region.

4. Synoptic discussion

In April 2008, Sharav cyclone conditions favored Sahara dust to
transport from North Africa over Mediterranean Basin to Anatolian pen-
insula. Both 30 km and 10 km WRF-Chem runs show good agreement
with observed surface PM;q concentration on April 14, 2008, when the
maximum PM;q concentration was observed with a daily mean value
of 170 pg/m>. However, the predicted dust increases begun a few days
earlier (April 11, 2008) and declined sooner (April 16, 2008) than ob-
served. On April 12, 2008, both WRF-Chem runs overestimate the
ground observations, while they underestimate the ground observa-
tions towards the end of the episode on April 16, 2008. In order to inves-
tigate how errors in the predicted synoptic flow and the long-range
transport of the mineral dust from Sahara to Turkey influence these pre-
dictions, we compared the observed and predicted synoptic patterns on
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Fig. 4. Scatter plots for WRF-Chem outer (30 km horizontal resolution) (a), and nested (10 km horizontal resolution) (b), respectively.
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Fig. 5. WRF-Chem 30 km and 10 km daily surface PM;, concentration maps for April 12 (a), April 14 (b), and April 16 (c), 2008. Colored circles show the observed PM10 concentrations.

Black arrows show 10-meter wind vectors for the WRF-Chem 10 km domain.

April 12,14 and 16,2008 in Figs. 6, 7, and 8, respectively. We use MODIS
Cloud Optical Thickness (COT) retrievals and WRF-Chem COT predic-
tions to characterize synoptic transport errors.

The first panel shows the mean sea level pressure along with the
wind vectors obtained from the 30 km WRF-Chem simulation, the mid-
dle panel shows the WRF-Chem COT, and the right panel shows COT
from MODIS Aqua cloud product (MYDO6). Since the Aqua satellite
passes over Turkey around noon, we show the comparison of predicted
and analyzed COT at 12Z.

On April 11, at the beginning of the episode, the high pressure sys-
tem over the North Africa is divided by a trough creating two separate
high pressure centers. The trough centered near 30° N over Tunisia in-
duces south and south-westerly winds, which, combined with the

high pressure system over Eastern Mediterranean, creates a front that
triggers a dust storm over Mediterranean Basin that originates from
the Saharan source region. Another important synoptic feature at this
time is the development of a second trough over Eastern Europe that
continues to develop over the region, then deepens and moves towards
northeast on April 12, 2008 (Fig. 6a).

The warm conveyor belt transports moist air northward from south-
ern Mediterranean as the low pressure system moves eastward on April
12 (Fig. 6b). Southerly winds ahead of the cold front transports dust
over the western part of Turkey on the same day. The cold front can
also be seen from the MODIS COT retrieval on April 12, 2008 (Fig. 6¢).

MODIS shows the cold front extending from Cap Bon (which is in far
northeastern Tunisia) to the northwestern part of Sicily towards Italy.
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Fig. 6. Mean sea level pressure (a) and the cloud optical thickness maps from WRF-Chem (b) and Aqua MODIS cloud product (c) for April 12, 2008.

The WRF-Chem prediction shows cold front extending from the south-
ern part of Cap Bon to the southeastern part of Sicily, indicating that the
low pressure system moves faster in the WRF-Chem predictions than
observed. As a result, the predicted arrival of the dust event over
Turkey occurs earlier than observed leading to an overestimation of sur-
face PM;, concentrations at the beginning of the event.

On April 14, the high pressure system fills in behind the cold front as
the system moves towards northeastern part of Libya (Fig. 7a). On the
warm side of the cold front, the warm conveyor belt curves anti-
cyclonically showing a classic baroclinic leaf cloud formation over
Balkan region that stretches from Bulgaria to the southern part of the
Black Sea on April 14, 2008 (Fig. 7b). This is when the maximum dust
concentrations occur over Anatolian Peninsula.

The predicted baroclinic leaf structure on April 14, 2008 is also ap-
parent in the MODIS cloud retrievals as a curved band of clouds situated
over Greece, stretching through Bulgaria and reaching to Ukraine and
the northern part of Black sea (Fig. 7c). This pressure system continues
moving towards the north and situates over northern part of the Black
Sea on April 15, 2008. On April 16, the WRF-Chem simulation predicts
that clean air is transported from the northwest into the region
(Fig. 8a) as low pressure system moves eastward along the coast of
northern Black Sea (Fig. 8b) while MODIS COT shows it as moving to-
wards the north (Fig. 8c). This error in the predicted synoptic transport
leads to an underestimation of surface PM; o concentrations at the end of
the episode, due to transport of relatively clean continental air over
Turkey sooner than was observed.
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Fig. 7. Mean sea level pressure (a) and the total cloud thickness maps from WRF-Chem (b) and Aqua MODIS cloud product (c) for April 14, 2008.

5. Predicted aerosol optical depth

The Moderate Resolution Imaging Spectroradiometer (MODIS)
Aerosol Product (MYDO04 for Aqua), Collection 6, is used to obtain infor-
mation about AOD at 550 nm, which represents columnar aerosol load-
ing of the atmosphere. The MODIS aerosol algorithm consists of two
different algorithms. The dark target algorithm derives aerosols over
vegetated/dark-soiled land and ocean surfaces, while the deep blue al-
gorithm derives aerosols covering cloud and snow free bright land sur-
faces like desert and arid lands (Hsu et al., 2004; Levy et al., 2013; Sayer
et al.,, 2013). We use the combined retrieval in the following analysis.
Fig. 9a and b shows the aerosol optical depth obtained from WRF-

Chem and Aqua MODIS for April 14, 2008 at 12:00 UTC, respectively
(Aqua overpasses Turkey around noon). AOD values within the dust
cloud that is transported from North Africa over the Eastern Mediterra-
nean vary from 0.7 and 1.0 for WRF-Chem, and 0.6 and 0.8 for Aqua
MODIS. MODIS shows an optically thick aerosol layer over western
part of Cyprus with values around 0.9, while WRF-Chem shows the
AOD of 0.6 near Cyprus.

Sayer et al. (2013) showed that the MODIS retrieval performance
varies regionally due to the overestimation of surface reflectance and
differences in aerosol microphysical properties. Over the semi-arid/
arid regions in Northern Africa, MODIS Deep Blue aerosol product had
poorest performance and negative correlation when compared to
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Fig. 8. Mean sea level pressure (a) and the total cloud thickness maps from WRF-Chem (b) and Aqua MODIS cloud product (c) for April 16, 2008.

AERONET stations. Over the ocean MODIS Dark Target aerosol product
overestimates the AOD at 0.55 um (Levy et al.,, 2013). In their review sat-
ellite aerosol observations, Hoff and Christopher (2009) focused on the
approaches that were used to estimate the linear relationship between
AOD and ground-level particulate matter (PM). They stated that by
using satellite AOD, +30% of the variance in surface PM; s measure-
ments can be estimated. The variability between AOD and PM depends
on the region, time of the year, aerosol microphysical properties, and
extrinsic properties like humidity and boundary layer height.

In our study, we use the WRF-Chem PM;, and AOD predictions to
examine the correlation between AOD and surface PM;, for both
30 km and 10 km domains (Fig. 10). Comparisons between modeled

AOD and surface PM;o show that AODs are generally slightly more pos-
itively correlated with the modeled surface PM;q concentrations in
10 km run than in 30 km run but are otherwise very similar. The high
correlations during April 22-29, 2008 occur after the dust episode and
are associated with aerosols from local emissions that remain within
the boundary layer. The lowest correlations between modeled AODs
and surface PM;o occur during the high dust event day (April 14,
2008) for both 30 km and 10 km runs.

We use CALIPSO aerosol extinction measurements to verify the ver-
tical transport within the WRF-Chem aerosol prediction and demon-
strate how the vertical distribution of the aerosol loading can
influence the correlation between modeled AODs and surface PM;, on
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Fig. 9. AOD predicted from WRF-Chem (a), and obtained from Modis (b) MYD04 (Aqua) aerosol product for Eastern Mediterranean Basin for April 12, 2008.

April 14, 2008, when maximum daily surface PM10 concentration was
observed. Fig. 11a, and b shows the measured and modeled total extinc-
tion cross sections along the CALIPSO orbital track that passed over
Turkey at 23:55Z on April 14, 2008. CALIPSO (Fig. 11a) shows extinction
enhancements below 2 km over the southern part of Turkey. High aero-
sol extinctions extend up to nearly 6 km over Turkey. WRF-Chem 30 km
(Fig. 11b) and 10 km (Fig. 11c) analysis show a very similar aerosol ex-
tinction cross section with aerosol lifting over the Mediterranean Sea
starting from the North African coast to the southern part of Turkey.
The layer of enhanced aerosol extinction reaches up to 5 km over
Turkey as observed from CALIPSO data. This decoupling between the
aerosol plume and the surface as the dust is transported over Turkey
within the Sharav cyclone accounts for the lack of correlation between
the modeled AOD and modeled surface PM;,. The comparison between
two WRF-Chem runs shows that there is more aerosol lofting in the
10 km cross-section than the 30 km one, particularly over the moun-
tains in the northern part of Turkey. The increased resolution of the
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Fig. 10. Correlation between modeled AOD and Surface PM;, concentration for WRF-
Chem 30 km (black) and 10 km (red) domain for April 2008.

topography can also be clearly seen in 10 km cross-section. The 10 km
simulation also shows small-scale variations in the potential tempera-
ture cross sections that might be associated with orographic gravity
waves (Lilly and Klemp, 1979), that are not resolved in the 30 km sim-
ulation. Vertical transport of the dust by these orographic gravity waves
may account for the additional lofting found in the 10 km simulation.
Unfortunately, the CALIPSO aerosol retrievals were obscured by clouds
in this region and cannot be used to verify this orographic gravity
wave signature.

In our previous study, RAQMS underestimated aerosol lofting over
Turkey leading to overestimates in surface PM;o. The current study
shows that this was likely due to poor representation of the sharp gra-
dients in topography and land/sea temperatures that are necessary to
simulate the dust transport over Turkey. Utilizing a higher resolution re-
gional model has improved the representation of both synoptic and me-
soscale dynamics which lead to the overestimation of surface PM;q in
the 2 x 2 degree resolution RAQMS aerosol analysis.

6. Conclusion

In our previous study, RAQMS aerosol analyses were used to investi-
gate the contribution of Saharan dust on high levels of PM;q observed
over Turkey in April 2008. Results of the RAQMS experiment showed
that the model over predicted the surface PM;q values by factor of 5, al-
though it captured the overall trends in concentration patterns fairly
well. In this research, we utilized an online-coupled WRF-Chem system
to investigate spatial and temporal distribution of Saharan mineral dust
transport over Eastern Mediterranean, using the RAQMS model to pro-
vide the lateral boundary conditions. This is the first WRF-Chem study
investigating natural dust influences (dust and anthropogenic impact
together) on air quality in the Eastern Mediterranean, especially in An-
atolian Peninsula. The current results show significantly improved the
representation of both synoptic and mesoscale dynamics compared to
the previous study, however, synoptic transport errors remain.

The correlations between ground observations and the WRF-Chem
30 km and 10 km domain runs are 0.47 and 0.48, respectively. The
30 km WRF-Chem run underestimates the ground observations by
1.98 pg/m?, while 10 km WRF-Chem run overestimates the ground
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observations by 2.85 pg/m°. Both WRF-Chem runs tend to overestimate
the high PM;, events while they underestimate the low PM;q events.

In order to understand why WRF-Chem overestimated the surface
PMy, levels at the beginning of the dust event, and underestimated it to-
wards the end of the episode, MODIS AOD and cloud optical thickness
(COT) were used to evaluate the model predictions of synoptic trans-
port. Analysis suggests that the Sharav cyclone, which transports dust
from source area over Turkey along the cold front, tends to move faster
across the Mediterranean in the WRF-Chem predictions than observed.
This causes the dust event to arrive over Turkey earlier than the obser-
vations leading to an overestimation of surface PM;, concentrations in
WRF-Chem simulation at the beginning of the event (April 12, 2008).
Towards the end of the episode, the WRF-Chem prediction brings
clean continental air from the northwest into the region and sweeps
the dust out to the east along the northern coast of the Black Sea,
while MODIS shows the system moving to the north. This error in syn-
optic transport leads to an underestimation of surface PM;o concentra-
tions at the end of the event (April 16, 2008).

The comparison between modeled AOD and surface PM;o showed
that the AODs are highly correlated with the surface PM;, concentra-
tions in both 10 km and 30 km runs during some periods and not during
others. The negative correlations from both runs on April 14, 2008 occur
due to lofting of the aerosols. Both CALIPSO and WRF-Chem show sim-
ilar vertical distribution of aerosol over Turkey suggesting that aerosol
lifting over the peninsula leads to a decoupling between the aerosol
loading and surface concentrations on April 14, 2008.

In this research, we considered dust over the Anatolian peninsula at
two different domains (30 km and 10 km horizontal resolution). Results
showed that while there was significant improvement in the agreement
with surface PM;( observations between the 30 km WRF-Chem predic-
tion and the previous 2 x 2 degree RAQMS aerosol analysis, there is no
significant improvement when a higher resolution (10 km) domain is
employed over Turkey. The study demonstrates that the approaches
presented here are useful tools to investigate the meteorological condi-
tions that lead to dust transport and its impact on air quality, but errors
in synoptic transport remain and need to be reduced to accurately pre-
dict the exact timing of the events.
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