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Abstract.

Land-atmosphere interactions govern the process of dust emission and transport. An accurate depiction of these physi-
cal processes within numerical weather prediction (NWP)-models allows for the-better-estimation—of-better estimating the
spatial and temporal distribution of dust-burden—as—weH-as-the dust burden and the characterisation of source and recipient
areas. In the presented study, the ECMWF-IFS (European Centre for Medium-Range Weather Forecast - Integrated Forecast-

ing System) outputs, produced with and without the assimilation of Aeolus quality-assured Rayleigh-clear and Mie-cloudy
Horizontal Line of Sight (HEOS)-wind-prefilesare-used-wind profiles, are used as initial/boundary conditions in the Weather

Research and Forecasting model coupled with Chemistry (WRF-Chem) to simulate two-month long periods in the spring
and autumn of 2020, focusing on a case study in October. Experiments—are—The experiments have been performed over

the broader Eastern Mediterranean and Middle East (EMME) region that is frequently subjected to dust transport, as it en-
compasses some of the most active erodible dust sources. Aerosol and dustrelated-dust-related model outputs (extinction
coefficient, optical depth and concentrations) are qualitatively and quantitatively evaluated against greund-based-ground- and
satellite-based observations. Ground-based columnar and vertically resolved aerosol optical properties aequired-by-are acquired
through AERONET sun photometers s-and PollyXT lidar, as-wel-as-while near-surface concentrations available-through-EMEP-
provide-are taken from EMEP. Satellite-derived vertical dust and columnar aerosol optical properties are acquired through
LIVAS and MIDAS, respectively.

Overall, in cases of either high or low aerosol loadings, the model predictive skill is improved when the-WRE-simulations

are-initialized-with- TES-meteorological-fieldsin-which-WRF-Chem simulations are initialised with the meteorological fields
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of Aeolus wind profiles have-been-assimilated-assimilated by the IFS. The improvement varies in space and time, with the
greatest-impact-observed-for-most significant impact observed during the autumn months in the study region. Comparison
with observation datasets saw a remarkable improvement in columnar aerosol optical depths, in-vertically resolved dust mass
concentrations as-wel-as-in-and near-surface particulate concentrations in the assimilated run against the control run;-with
reduetions-, Reductions of model biases, either positive or negative, and an increase in the correlation between simulated and

observed values —were achieved for October 2020.

1 Introduction

The Levantine basin and Eastern Mediterranean are frequent recipients of dust transported from North Africa and the Middle
East (Gkikas, 2013, 2016), receiving an estimated annual influx of 40-150 g/m2 (Ben-Asher, 2019). Even though dust deposi-
tion can enhance the growth of terrestrial and oceanic ecosystems, high dust loads can have severe implications to-for human
health, increasing the probability of a population developing respiratory and cardiovascular disease-Kanatani; 2010;Xu;2619)
—Furthermorediseases (Kanatani, 2010; Xu, 2019). Additionally, dust storms affect the built environment by degrading the life
of electrical equipment, impacting several modes of transport, decreasing the efficiency of solar-harnessing technologies and
severely damaging crop output (Hachicha, 2019; Middleton, 2017; Weinzierl, 2012; Stefanski, 2009).

Dust sources are characterised as areas with high availability of alluvium silts and high wind speeds. Some of the most
impertantcritical Sahelian dust sources include the Bodélé and the Mauritania-Mali locality, both-characterised-astarge-basins
of-internal-drainage;-with the former being responsible for the product10n of 6-18% of global dust emissions (Todd, 2007;
Engelstaedter, 2007). i e e-pre igh-The combination

MW surface roughness dep%deﬂ%eiwege&meiﬂreever—feéueeﬂaef*pesufeﬁ

s-determine the threshold

velocity (Gillette, 1989; Ravi, 2011), which, swhieh-if exceeded, causes dust to become uplifted. Once suspended, dust from

North-Afriea;North Africa can reach as far as the Caribbean (Prospero, 1999, 2014) depositing 261 48 Tg along its path
(Ridley, 2012). Approximately 30-50% of the dust emitted from the Sahel is transported through the North Atlantic trajec-
tory (Prospero, 1996) during the summer months. Meanwhile, nerthward-branches-earrying-dustin-West-Europe-eastward
branches transporting dust towards the EMME region peak during late spring and summer s-acting-in-paraltel-with-an-eastward

trajectory-transporting-dust-towards-the- EMME-region-(Middleton, 2001). In recent years, an increasing contribution of dust
loads in the EMME region from Middle Eastern sources has been highlighted (De-Chatel, 2014; Pozzer, 2015; Notaro, 2015;

Kelley, 2015; Logothetis, 2021) and has-been-attributed to changing climatic conditions. Specifically, the EI-Nino Southern
Oscillation and the Pacific Decadal Oscillation teleconnections (Kelley, 2015; Pozzer, 2015) have been linked to a regime
shift in dust activity of the Fertile Crescent area in Mesopotamia Netare-(2645)(Notaro, 2015). Prolonged periods of droughts
subsequently decreased soil moisture, where in the work of Klingmiiller (2016), an R? of 0.82-0.89 was established between

decreased soil moisture and the observed positive trend in dust activity for Saudi Arabia and Iraq. Additienally, Gkikas(2022)-
+Gkikas (2022) identified seasonal variability in the dust optical depth over Mesopotamiawith-peaks-oceurring-during-the-,
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transport during late springand early summer (Heinold, 2013; Chedin, 20¥8)ditionatty, the Mediterraneamegionhosts

O cl y O a Vity—od v At OV ou gautu ol a gratorya O

havebeencharacterisetb-be Anticyclonic activity of synoptic and sub-synoptic scaleith-smalldeviationsrom-theirinitial

Throughout all seasons, the western North African region is typically the source of the anticyclones, while areas within the
East Mediterranean, such as Greece, have been identi ed as sinks (Lolis, 2014; Trigo, 2004).

episode forecasting. Numerous sources of uncertainty still prevail, speci cally the description of the dust source function and
wind elds within aan NWP model. Previous work improving the former source of uncertainty has been demonstrated in
global models through the works of Ginoux (2001), Zender (2003), Schepanski (2009) and Nabavi (2017), meanwhile Kok
(2014) and Wu (2016)ave achieved similar improvements by including a threshold velocity parameterisation. Hayweser,
(Ginoux, 2001; Huneeus, 2011; Prospero, 2010), attributed to differing model parameterisations and con gurations used (Uno,
2006; Huneeus, 2011).

usinga Lagrangian-Eulerian model and a regional WRF-Chem (Weather Research and Forecasting model with Chemistry

(Grell, 2005)) model, respectivehgereassessesitermsof-dustemissionconstrained to West Sahara sourdeghefermer

a\V7a 'a achnd ne o o-mMmonthsin A arp m ced-both-pre-a aly
\/ G cl a G500 >,

2018; Shaheen, 202BurthermereTegen (2013) using the COSMOS (Consortium for Small scale Modelling) meteorological
model for the years 2007 and 2008for the Sahara regigridenti ed challenges in the model ability to accurately depict
inter-annual variability due to gaps in understanding controls of the atmospheric dust load. Nabavi (2016) identi ed existing
challenges of dust source functions within the WRF-Chem model unable to accurately depict dust sources in Mesopotamia, an

termed WASF (Wesésia:Africa source functionjvastesteewithin the WRF-Chem modelmes, aimingto improve multi-

year analysis for the summers of 2008-20&2enrtheughthe The incorporation of the WASF signi cantly improved the
Spearman correlatiofput the accuracy of forecasts dropped with increasing distance from the source, signifying de ciencies
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assessed the impact of a deposition scheme using a dust outbreak in June 2014 affecting the Eastern Meglitérrinean

was performing the best, but in all three rurtee dust peak was time-shifted relative to the observed geakhermere,
Flaounas (2017) studied months of peak actiityor the year 2011, with three dust emission parameterisation schemes

hightighted, highlightingthe importance of long-term simulations for sensitivity testifgereis-agapin-WRF-Chemmedel
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increasing satellite products, one being the recently launched Aeolus Doppler wind lidar. The European Space Agency (ESA),
in August 2018, launched the Aeolus satellite carrying ALADIN, the rst-ever space-based lidar. ALADIN, via the HSRL

2020) of Aeolus wind productsduring the satellite commission phase (autumn 20¥8yealed the capability of Aeolus to
derive high-quality wind pro les. The main scienti ¢ goals of the Aeolus satellite mission are to advance &dWel-as
te-andupgrade the current level of knowledge on atmospheric dynamics and their associated impacts on climate (Stoffelen,

Aeoluswind-assimitationen dustrtmericalsimutationsFhison numericaldustsimulationgs anticipated.Thisimprovement

constitutes the overarching objective of the NEWTON (ImproviNg dust monitoring and forEcasting through Aeolus Wind daTa
assimilation; https://newton.space.noa.gr/) project funded by the ESA in the framework of the Aeolus+ Innovation call. In this
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Sect. 3.1 describes the meteorological conditions simulated using the ECMWF-IFS products with and without Aeolus. Finally,

in Sects. 3.2 and 3.3 model outputs are compared against surface measurements provided by AERONET, EMEPTand Polly
and satellite-based MIDAS and LIVAS, leading to conclusions in Sect. 4.

2 Data and Methodology

spatio-temporal collocation to simulated outputs.
2.1 WRF-Chem Model Setup

The WRF-Chem version 3.9.1.1 was used along with the WRF Pre-Processing System version 4.2 to perform meteorological

to other gas-phase chemistry mechanisms. The Modal Aerosol Dynamics Model for Europe (MADE) and the secondary or-
ganic aerosol (SOA) parameterisation based on the volatility basis set by Ahmadov (2012) were employed to simulate aerosol
inorganic species and SOA, respectively. Anthropogenic emissions were based=aH3A&-HTAP(Emission Database for

Maenhout, 2012). The Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGANZ2.1) by Guenther (2012)
was employed to generate biogenic emissions based on weather and land use data.

assimilated data. The Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) model
(Ginoux, 2001), coupled with the MADE/SORGAM aerosol mechanism within the framework of WRF-Chem, was used to
simulate dust emission. The dust emission ux in the GOCART model is scaled by an empirical proportionality constant C.
The value of C, estimated by Ginoux (2001), was initially based on US regional data. Zhao (2010) evaluated the performance of



155

160

165

170

175

180

185

the WRF-Chem model for different values of C. They found that for C = @&/m°, the WRF-Chem simulated mean aerosol
optical depth (AOD) was consistent with the AERONET measurements at two sites over the Sahel region and aerosol size
treatmentover North Africa (Zhao, 2010). Several sensitivity tests performed over Cyprus and the East Mediterranean led to
athe best performing value of 0.3@)/m° (Georgiou, 2018), based on the study of modelling sensitivities to dust emissions.
Therefore, ashatthisis the most prevalent source of dust emissions in the EMME region, in the following simulations, a value

summary of the model con guration options is presented in Table Al of the Supplement.

2.2 Aeolus assimilation

The WRF numerical experiments are perforngebtilizing-asinitial-andbeundaryeonditionsusing the simulated meteoro-

row in_Table1). The experimentatunincludesthe AeolusL.2B (2B10baselinefrom 28 Juneto 31 Decembe2019andfrom

the assimilationtime window. Short-termforecastsareinitialised at the startof the time window (either21 UTC or 09 UTC),

which correspondo the analysis elds at 00 UTC and 12 UTGswell-asthoseof-the.andto intermediate nominal model

times (i.e., 06 UTC and 18 UTC}strespendssherterrorecasidnitinlized atthestartetthetimewindaw(lelthe U
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The WRF-Chemmedelsimulationswhich-arecentrastedn-erdersimulationsusingthe IFS outputswerecontrastedo inves-

tigate the modi cation#rin the meteorological patterns and the subsequent variaioimsthe simulated dust elds.
2.3 Experiments set-up

The WRF-Chem model was used to simulate the peric20206304/04 - 2020/05/31 and 2020/09/01 - 2020/11/04 using
boundary conditiongrem-S-with (assimilated)and without (control)FS Aeolus assimilated data. The periods under in-
vestigation coincide with the dust storm high-activity phase of the East Mediterranean (Engelstaedter, 2006; Miller, 2008;
Tyrlis, 2014). The domain area has been con gured to a horizontal grid resolution of 20 x 20 km, extending tam#Ab5in

domain;-allows to not require the dust component from the boundary conditions and helps avoid biases in dust concentrations
from global models. The WRF-Chem model uses a terrain-following hydrostatic-pressure vertical coordinatetsystem.

for the rst layer. Additionally;the
TheWRF-Chem model h
(2012).By-employingthe

tparticlesare assumedo be sphericalandinternally mixed in_ve differing-sizebins of an effective
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2.4 FLEXPART

Fhebackward FLEXPART-WRF runs were per-
formed;-by releasing 10,000 tracer particles at heights 0.5, 1, 2, 3, 4, 5, 7 and 10 km over the Agia Marina, Cyprus station.

2.5 Observation Datasets

To evaluate the performance of the WRF-Chem m,ogajund-baseelAERONET AOD, EMEP coarse particulate matter

discussed in the following sub-sections.
2.5.1 AERONET

AERONET (AEronet RObotic NETwork) is a global network of about 1000 ground-based monitoring instruments distributed

the time interval, lat to latitude and lon to Iong|tude coordinates. The resulting AOD refers to the Wavelength at 550 nm.
AERONET AOD retrievals at this wavelength are not readily availatiteste-, To make results comparable, AERONET
AODg7o has been converted to AGE using the Angstrém Exponent equation and the Angstrém exponent of wavelength 440-

870 nm (Angstrém, 1929). A statistical comparison of Aigdproduced from various wavelengths was carried mutealing
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of Eck (1999).

y= PH*PHB PH(tviation )+ PHB (tvilation )
9:81 1000 9:81 1000

@)

)@0
AOD tjation = AOD + EC55(; V;lat; lon )(t;V;Iat;Ion ) H (t;V;lat;lon )(t;V;Iat;Ion ) (2

V=l

WRF-Chem outputs variables in regular (hourly) time intervalsile AERONET keeps records in non-constant interval
steps. To temporally collocate the values, observations falling withiB@&minute range, centred at the model forecast hour
are averaged out. A spatial collocation is then implemented to modelled outputs of horizontal resolution 20 x 20 km. Modelled
outputs are interpolated from a three-dimensional eld to a horizontal plane at the station's height using the approach described
in Ladwig (2017). In summary, the data are interpolated from a curvilinear grid to an unstructured grid using the nearest grid
no statistically signi cant differences. Finally, an inverse distance squared algorithm is applied to output the variables at the

coordinates and elevation of each station.
2.5.2 EMEP

The EMEP (European Monitoring and Evaluation Programme) is a pan-European database of ground-based aerosol concen
tration observations. EMEP was established following the convention of Long-range Transboundary Air Pollution in 1979.
European member states are legally bound to monitor and report emissions to EMEP with a standard temporal resolution of
daily intervals. These are then stored in the EMEP open access database and are mapped usirigla hagitude-latitude
grid (Pinterits, 2021).

To compensate for the poor temporal and spatial resolution of the EMEP database for the period under investigation, hourly
products of PM10 at the EMEP background station of Agia Marina, Cyprus, were provided by the Department of Labour

a spatial collocation was carried out in a similar manner to the one described in section 2.5.1. Since both simulated and observec
values are reported at hourly intervals, no temporal collocation was required.

2.5.3 PollyT

The PollyT lidar monitors the vertical pro les of dust concentrations at the PANGEA observatory at Antikythera, Greece
(Marinou, 2017). The products are obtained through the application of the Earlinet SCC algorithm described in D'Amico
(2015) and in the methodology presented by Mamouri (204@9 Ansmann (2019). The products are only available during

cloud-free conditionsaetit—, It is noted that the calculated dust mass concentrations have an uncertainty of 20-30% for a
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predominantly dust-dominated layer (Ansmann, 2019), while the uncertainty increases for a moderately dust-dominated layer
and can reach up to 100% in layers withkexy-small contribution of dust particles (Marinou, 2019).

14 km above sea level, with a 60 m vertical resolution. For the vertical collocation of the two datasets, the froliijucts

were averagetb-thefor eachmodel vertical bins to match the vertical resolution of the WRF-Chem model. Meariatite

derived through the combination of quality-assured MODIS-Aqua AOD retrievals and the portion of AOD attributed to DOD
(MDF; MERRA-2 dust fraction)-extracted from MERRA-2 (Modern-Era Retrospective analysis for Research and Applica-
tions version 2; (Gelaro, 2017; Randles, 2017)). Within MIDAS, the quality assured MODIS-Aqua &O®ell as DOD
(along with its associated uncertainties)e provided ad ne spatial resolution (0.1x 0.1 ) and ata global scale (both over
land and maritime surfaces). Since the current WRF model version does not outpueBQbe evaluation is focused only
on the AOD simulated eldswhich;-heweveraremainly driven by the spatiotemporal variations of the intense dust loads,
spreading within the region of interest and dominatigrother aerosol species.

In order to achieve the optimum MIDAS-WRF collocation, we are processing the swath level MIDAS data, where for the
constructed domain, MIDAS has approximately 5 to 7 daily overpasses corresponding to 5-minutes segments (Levy, 2013). The
segments have been reprojected from their native grid (Hubanks, 2018) to an equal latitude-longitude grid@fOsbatial

conformal conic projection. To project MIDAS and WRF-Chem AOD on a common gath have been regridded on an equal
latitude-longitude grid at 0.4spatial resolution. Regridding was carried out using the nearest neighbour meth@dsaétith

radius around each grid pixel set at 20 km. The radius was tested with values ranging from 10 to 50 km, resulting in percentage
difference ranges of 0.008% - 0.04% and 0.0007% - 0.003% for MIDAS and WRF outesipectively. The availability of

applied on WRF in the areas where MIDAS failed to resolve a value for AOD and simultaneously temporally collocates the
two datasets. For the temporal collocatithree methods have been tested: a 3-hour rolling average, a weighted average and
use of the nearest hour. Theterwasperfermingpeerlyrelativeterelativedifferencebetweerthe |atter andthe former two

aneawasdiseardedyhite-approachemdicatedpoorperformanc@ndwashencediscardedMeanwhile,a comparison between

10
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compute the collocation following Eqg. 3, where AQifers to the AOD at the nearest hour, AQDXo the AOD for the hour

ahead and min to the minute of the MIDAS overpass. The hourly outputs have then been summed to produce daily AOD maps.
The edges of the overpasses have a slight overldgto overcome this, values at the overlaps were averaged. Finally, the daily
sum maps were averaged to produce a single map for the whole period under investigation.

min min
AOD = AOD|+]_ ﬁ + AODI (1 ﬁ) (3)

2.5.5 LIVAS

For the vertical assessment of the simulated dust patterns in the broader study region, the LIVAS (LIdar climatology of Vertical

and updated in Marinou (2017), was utilised. LIVAS compriséa global dataset covering the period between 06/2006 and
12/2020 and is provided on per-granule, level 2 resolution similar to the original CALIPSO (Cloud-Aerosol Lidar and Infrared
Path nder Satellite Observations) level 2 pro le products.

The pure-dust extinction coef cient product has been developed through the application of the depolarisation-based sepa-
ration method introduced by Sugimoto (2003) and Shimizu (2004) and optimised for the Saharan region by Tesche (2009).
Marinou (2017) has calculated the uncertainty of the prodietn the region under investigation to be less than 20% for
altitudes up to 6 km. The products have a ne vertical resolution of 60 m and are projected on a uniform griet f 1
horizontal resolutiopReneete-. To make observations directly comparable to simulated values, the WRF horizontal grid has
been regridded to a x 1 lat-lon grid and vertically collocated following the methodology described in section 2.5.3.

3 Results and Discussion

In section 3.1the WRF-Chem model runs for spring and autumn are comparetithe meteorological conditions and the

comparisons of assimilated and control outputs to ground- and satellite-based observations are summarised.

3.1 Seasonal Patterns and Dust Outbreafoet-in Qctober 2020

The WRF-Chem model, using botkcontrol and assimilated Aeolus ECMWF-IFS datasets, was ru-tgro. months in
spring and2-two in autumn. Fig. 1, depicting the differences (assimilated - control) of the averaged dust concentrations and

11
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higher concentrations over the Central Mediterranean and the assimilated run over the Eastern Mediterranean, especially tru
for October. Additionally, a comparison of the two model runs using PM10 from the EMEP station of Agia Marina, Cyprus

thetwo modelrunsobservedor spring.This_nding suggests that the impact of theseeftheassimilated dataset has temporal

@)

(b)

the assimilated ones.

The availability of surface PM10 observations at the Agia Marina, Cypstetion, allowed for an initial assessment of the
two runs for autumn. Depicted in Fig. 2, two instances, highlighted in blue, mark periods where the assimilated run outperforms
the control run, while one instance, highlighted in red, depicts the opposite. Summarised in Table 1 is the statistical analysis for
the autumn period, as well afor the three highlighted instances, where counts refer to the number of data points within each
timeframe, r stands for the correlation coef cient and IOA for the Index of Agreement. The IOA measures the closeness of

improvement observed for the interval of 20'2&f OctoberWenetelt is notedthat the total sample size is small to draw

12
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statistically signi cant conclusiong-urthermerethe The period 14-28 of October 2020 was selected due to the formation
of a dust storm of anticyclonic nature affecting the modelled domain, with notable deviations between the two model runs.
The selected period allows ferthereughaninvestigation of the impact of ECMWF-IFS Aeolus on meteorology, hence dust

mobilisation.

greentrenediinerepresents the control run, the yelléxgnetinethe assimilated run and the blaléke;-dots the observed values. Additionally,

the blue-highlighted boxes represent periods where the assimilated run outperforms the control run, while the red box represents the opposite.

Table 1. Statistical comparison of modelled runs with PM10 concentrations recorded at Agia Marina station, Cyprus, for the whole period

Periods Whole Period 07/10/2020 - 10/10/2020 11/10/2020 - 14/10/2020 14/10/2020 - 25/10/2020
Counts 952 (100%) 46 (4.8%) 94 (9.8%) 146 (15.3%)
Dataset| Control Assimilated| Control  Assimilated | Control ~ Assimilated | Control  Assimilated
r 0.31 0.33 0.37 0.43 -0.53 0.11 -0.12 0.28
IOA 0.51 0.52 0.42 0.58 0.28 0.27 0.22 0.34

In the study of Hatzaki (2014), two major anticyclonic routes were identi ed, one parallgettberian Peninsula and

another parallel to the North African Coast, with the latter being the dominant route during summer and autumn. Consistent

ndings of warm-core anticyclonic development in the subtropics and midlatitude regions (Flocas, 2001; Hatzaki, 2014).

13
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with increasediustconcentratioron the westsectorof the anticyclone, while South-West in the control rwith_higherdust

(Fig. A3a of the Supplement). Meanwhile, in the assimilated fower wind speedsirewere simulated over the Levantine
and Central Mediterranean basins, as well@s the coastline of North Africa (Fig A3b of the Supplement).

Additionally, four FLEXPART-WRF air mass back-trajectories were simulated for a totakeftwo 5-day periods (14-19
and 20-2%)), with particles arriving at the Antikythera, Greece station and the Agia Marina, Cyprus station. Similar air-mass
routes were noted for both stations with results being more notable for particles arriving at the Agia Marina station 8n the 19
of October. Fig. 5 reveals apparent differences in the vertical height and source regions of aerosols arriving at the Agia Marina,

continental Europe.

14



Pressure gradient of model runs for the 14-2%8 of October 2020

@ (b)
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Figure 3. Representation of the averaged geopotential height for the 4fl@ctober in the control run (3a) and assimilated run (3b) and
for the 20-28' of October in the control run (3c) and assimilated run (3d) for the atmospheric layer at 850 mb.
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