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Aerosol levels at Mediterranean Basin are significantly affected by desert dust that is eroded in North Africa and is transported
northwards. This study aims to assess the performance of the Dust REgional Atmospheric Model (BSC-DREAMSb) in the
prediction of dust outbreaks near the surface in Eastern Mediterranean. For this purpose, model PM10 predictions covering a
7-year period and PM 10 observations at five surface monitoring sites in Greece are used. A quantitative criterion is set to select the
significant dust outbreaks defined as those when the predicted PM10 surface concentration exceeds 12 yg/m?. The analysis reveals
that significant dust transport is usually observed for 1-3 consecutive days. Dust outbreak seasons are spring and summer, while
some events are also forecasted in autumn. The seasonal variability of dust transport events is different at Finokalia, where the
majority of events are observed in spring and winter. Dust contributes by 19-25% to the near surface observed PM10 levels, which
can be increased to more than 50 yg/m® during dust outbreaks, inducing violations of the air quality standards. Dust regional
modeling can be regarded as a useful tool for air quality managers when assessing compliance with air quality limit values.

1. Introduction

A large portion of atmospheric Particulate Matter (PM) is
derived from arid regions of the Earth (North Africa, Arabian
Peninsula, central Asia, Australia, etc.) and is distributed all
over the globe. Saharan desert is responsible for up to half
of the global mineral dust emissions, thus it is considered
as the most important dust source worldwide [1]. Once in
the atmosphere, dust aerosols induce serious environmental
and health effects [2]. They influence the Earth’s radiation
balance as they interact with solar and thermal radiation,
causing large uncertainties in assessing climate forcing by

atmospheric aerosols [3], they impact on photololysis rates
and ozone chemistry by modifying UV radiation [4], and
they contribute to the increase of PM levels over populated
areas. Therefore, the estimation of the dust load over an area
as well as its contribution to aerosols surface concentration
is crucial for the implementation of air quality and generally
environmental management policies.

The North African desert dust cycle depends on the
synoptic circulations, which control the frequency and
extent of transport and on the washout by precipitation
which influences the residences time of dust particles
in the atmosphere. The bulk of the dust is transported
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Ficure 1: Frequency distribution of modelled PM10 surface
concentrations. Finokalia: solid line; Thrakomakedones: bold solid
line; Volos: dashed line; Panorama: dots.

westward into the Atlantic Ocean and an unnegligible part
is transported northward across the Mediterranean basin
to southern and even central Europe [5-7]. The dust cycle
presents a marked seasonal variation and the more intense
outbreaks are observed in summer [5, 8]. The Mediterranean
dust is found to be multilayered within a wide range of
altitudes, penetrating rather higher in the troposphere [9].
During strong perturbations, dust can reach up to 10 km in
altitude and may last there for several days [10]. A detailed
description of the synoptics that control the dust transport
over the Mediterranean is given by Barkan et al. [7].
Regional modelling is considered as a useful tool to sim-
ulate and predict the dust cycle in the atmosphere. The Dust
REgional Atmospheric Model (DREAM) [11] has reached a
level of delivering reliable operational dust forecasts capable
to predict all the major dust events over Mediterranean. It
solves the Euler-type partial differential nonlinear equation
for dust mass continuity. During model integration, calcu-
lation of the surface dust injection fluxes is made over the
model grid points declared as deserts. The concentration
equation simulates all major processes of the atmospheric
dust cycle, namely, production, diffusion, advection, and
removal. DREAM is already exploited in several studies.
Viana et al. [12] applied it in combination with the MM5
meteorological model to interpret the levels and composition
of particulate matter at the greater Barcelona area. Pérez
et al. [13] report that the simulated dust horizontal and
vertical structure shows very good qualitative agreement
when compared to satellite images and lidar observations
over Barcelona. Balis et al. [14] also found that there is a good
agreement on the thickness and location of the dust layer
between the model simulation and the lidar measurements
recorded in Thessaloniki. However, Gerasopoulos et al. [15]
state that the model shows a tendency to underpredict the
atmospheric optical depth values and the surface PM10 con-
centrations in Athens urban area, where local anthropogenic
emissions are significant. As the model undergoes significant
revisions in order to improve the forecasting ability, there is
a need for continuous validation by comparison of model
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results with observations. The model could be validated
using PM surface concentrations monitored in rural and/or
urban areas, as well as remote sensing observations.

The aim of this study is to examine the capability of the
updated version of DREAM at the Barcelona Supercomputer
Center (BSC-DREAMSb, [13]) to predict the occurrence
of Saharan dust transport episodes in the Eastern Mediter-
ranean. Data recorded at five Greek sites (two urban, two
suburban and one rural) are analyzed. The study is focused
on the days when a dust outbreak is clearly predicted by
the model. Therefore, a critical concentration value is firstly
defined so as to select the dust transport events. The analysis
covers the period 2001-2007.

2. Materials and Methods

2.1. Near Surface PM10 Data. PM10 data recorded auto-
matically at five monitoring sites in Greece are exploited
in this study (Table 1). Finokalia monitoring station is a
member of the EMEP measurement network, while the
rest four stations are members of the national network of
air pollution monitoring that is developed by the Hellenic
Ministry for the Environment, Physical Planning & Public
Works (current title since 2009: Hellenic Ministry for the
Environment, Energy & Climate Change). The stations have
been selected in order to represent all geographic parts of
Greece, for example, south (Finokalia, Heraklion), central
(Thrakomakedones, Volos), and north (Panorama) parts of
the country.

2.2. Model Outputs. The updated version of DREAM model,
BSC-DREAMS8b [13, 16], has been delivering operational
dust forecasts over the North Africa-Mediterranean-Middle
East and over Asia regions in the last years in the BSC (cur-
rently at http://www.bsc.es/projects/earthscience/DREAM/).
The partial differential nonlinear equation for dust mass
continuity is resolved in the Eulerian mode. BSC-DREAM8b
is forced by the NCEP/Eta meteorological driver [17-21]. In
this latest version of the model, the aerosol description is
improved from 4 to 8bins and dust-radiation interactions
are included. As shown by Haustein et al. [22] for the
SAMUM-I field campaign, BSC-DREAMS8D (with increased
number of dust size bins) transports the dust more efficient
since the small particle size range (<10 ym effective radius) is
better described. Furthermore, as shown in the annual evalu-
ation of the model against AERONET data [23] for southern
Europe, also good agreement is found with correct temporal
representation of AOD peaks. BSC-DREAMSb distinguishes
well between events and no-events, although the amplitude
of the dusty events is generally underestimated. Finally, BSC-
DREAMS8D shows better results during the wet episodes due
to the modified wet deposition scheme that it includes.

For the present study, simulation is initialized with 24-
hourly (at 00UTC) updated NCEP (National Centers for
Environmental Prediction) 0.5° X 0.5° analysis data and the
initial state of dust concentration in the model is defined
by the 24-hour forecast from the previous-day model run
because there are not yet satisfactory three-dimensional dust
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TasLE 1: PM10 monitoring sites!.

Monitoring site Latitude (N) Longitude (E) Altitude (m) Type Data availability (%)
Heraklion 35.30° 25.13° 10 Urban 71
Finokalia 35.33° 25.67° 150 Background 70
Thrakomakedones 38.14° 23.76° 550 Suburban 82
Volos 39.37° 22.94° 31 Urban 82
Panorama 40.59° 23.03° 330 Suburban 81

'Data from Heraklion and Finokalia stations are available for the periods 2001-2005 and 2004-2007, respectively, while the rest refer to the whole study

period (2001-2007).
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FIGURE 2: (a) Duration and (b) seasonality of the most significant dust outbreaks according to BSC-DREAMS8b.

concentration observations to be assimilated. Only in the
“cold start” of the model, concentration is set to zero. The
cold start of the model was initiated on 21 December 2003.
The resolution is set to 1/3° (~50km) in the horizontal and
to 24 layers extending up to approximately 15km in the
vertical.

BSC-DREAMS8b’s simulations regarding the contribu-
tion of transported dust to surface PM10 concentration
at Finokalia, Thrakomakedones, Volos, and Panorama are
exploited in this study. As Finokalia station is situated
70 km northeast of Heraklion, and although Heraklion is
included in an adjacent model’s grid point, it is assumed
that the contribution of transported dust to surface PM10
concentration at Heraklion is the same as at Finokalia.

3. Results and Discussion

3.1. Selection of Dust Transport Events. In this study, the
capability of the BSC-DREAMSD to simulate the desert dust

transported in the Eastern Mediterranea especially during
dust outbreaks is examined. Therefore, model outputs have
to be filtered so as to select the most important dust
transport events that significantly influence surface PM10
levels. It was decided to define one threshold for all
monitoring stations, based on the modelled PM10 surface
concentrations. For this purpose, modelled PM10 surface
concentrations are classified and the critical part of their
distribution is presented in Figure 1. Studying the tail of the
distribution, it is revealed that the frequency of occurrence
becomes rather constant when the concentration exceeds
the value of 10ug/m’. Additionally, modelled values are
well converged when concentration becomes 12 ug/m?. So,
it could be assumed that significant dust transport and
deposition occurs when BSC-DREAMS8b simulates surface
concentration over 12 yg/m?. Consequently, it is decided to
set this value as the selection threshold. This limit value
corresponds to the 5th, 3rd, 2nd, and 1st upper percentile
of the predicted PM10 surface concentrations at Finokalia,
Thrakomakedones, Volos, and Panorama, respectively. These
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F1GURE 3: Frequency distribution of the short-term component of the observed PM10 concentrations at (a) Finokalia, (b) Heraklion, (c)
Thrakomakedones, (d) Volos, and (e) Panorama; Grey bars correspond to the days when a dust outbreak is identified, while black bars

correspond to the rest of the days.

percentiles verify that only significant dust outbreaks are
selected.

3.2. Application of the Selection Criterion. The criterion that
is defined above is applied to the time series predicted
by BSC-DREAMSb. Quantitative information about the

selected events is provided in Table 2. Table 2 reveals that
the defined threshold is very restrictive for sites located
mainly to the northern part of Greece (e.g., Panorama). This
fact indicates that the definition of an overall European or
national threshold is not very useful for planning control
strategies on a regional level. In this case, it would be better if
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TABLE 2: Statistics for the selected dust outbreaks during the examined 7-year period.
Site
Finokalia Thrakomakedones Volos Panorama
Number of days when predicted PM10
surface concentration exceeds the threshold 134 67 49 20
value (12 pg/m?)
Number of events identified 78 41 32 11

different thresholds are regionally defined, taking also into
account local emissions and meteorological conditions, in
order to assess the impact of transported dust on surface PM
levels. It is also worth mentioning that the results referring to
Panorama, that are reported in this study, should be treated
with caution, as just a few dust outbreaks are identified.

The duration of the selected events is presented in
Figure 2(a). The duration of the dust events is similar at
Finokalia and Thrakomakedones, while episodes of shorter
duration are identified at Volos and Panorama. As far as the
longer events identified, two 6-day and one 5-day events are
detected at Finokalia. One of the two 6-day events that are
predicted at Finokalia coincides with the 6-day event that
is detected at Thrakomakedones and Volos and the 5-day
event that is detected at Panorama. This dust outbreak could
be regarded as the most significant during the examined
period not only due to its long duration but also due to its
large spatial extent. This event coincided with the heat wave
episode that influenced the Eastern Mediterranean during
the last days of June 2007. Therefore, it contributed not only
to the aggravation of air quality in Greece but also to the
deterioration of discomfort conditions that were prevailing
due to the extremely high air temperatures [24].

The seasonal distribution of the selected events is pre-
sented in Figure 2(b), which shows that the dust transport
exhibits an annual cycle. Most of the outbreaks are observed
during spring and summer, some outbreaks are observed
during autumn and a very limited number during winter.
This result is in accordance to the conclusions drawn by
Moulin et al. [5] who analyzed satellite observations and
found that the dust transport from North Africa to the
Mediterranean Basin is favoured from March to August,
while during autumn and winter dust transport is less pro-
nounced. Papayannis et al. [8] analyzed lidar data in Athens
and Thessaloniki obtained during an almost 3-year period
and reported that the period when the more important Saha-
ran dust transport occurred over the Eastern Mediterranean
is summer followed by autumn. The present study suggests
that autumn could also be considered as a period with
important dust outbreaks over the Eastern Mediterranean,
as ~20% of the selected events are predicted during autumn
months. Dust transport over Greece is favoured during the
warmer months of the year, when the prevailing meteoro-
logical situation is characterized by western-south-western
synoptic flows, a condition that favours the transport of dust
from North Africa [25]. However, the seasonal pattern of the
southernmost station of Finokalia exhibits some differences
and is discussed in detail by Kalivitis et al. [26]. Koulouri et
al. [27] report that according to measurements contacted at

Finokalia station during the period July 2004—July 2006, the
seasonal variability of the masses of coarse particles, which
are defined as those that have aerodynamic diameter between
1.3 and 10 ym, presents a prominent peak in spring (April)
and a secondary one in February, both due to dust transport
from North Africa. This is in agreement with the results of
BSC-DREAMSD for the seasonality of serious dust events at
Finokalia as shown in Figure 2(b).

3.3. Evaluation of BSC-DREAMS8b. BSC-DREAMS8D’s out-
puts are compared to surface PM10 observations. The
efficiency of the model to predict dust transport episodes
is discussed and the contribution of transported desert dust
to the determination of surface PM10 concentrations at the
areas studied is presented. Predicting PM concentrations
in time and space is important for air quality and health
concerns, weather prediction, and climate studies. As dust
transport events influence surface levels for relatively short
time periods, it is preferred to compare the model’s results
to the short-term component of measured PM10 concen-
tration. Short-term variations are attributed to weather
processes. They could be separated from the original time
series by using the Kolmogorov-Zurbenko (KZm,p) filter
[28]. The KZ filter is a low-pass filter produced through p
repeated iterations of a moving average calculated over an
m time window that can provide time series that does not
include short-term periodicities. Then, by subtracting the
filtered time series from the original one, the time series of
the short-term component of measured PM 10 concentration
is generated. According to Rao et al. [29], the application of a
KZ;s,5 filter is the best choice to remove the short-term part
of the time series. This technique has widely been applied in
ozone studies [30, 31] in order to separate a time series into
different temporal components, while its application has also
been extended in PM studies [32].

In this study, the KZ,55 filter is applied to the time series
of the observed daily average PM10 concentration. Days are
separated in two groups. One group includes the days when a
dust outbreak is identified by the application of the selection
criterion that is presented above, while the other group
includes the rest of the days. The short-term component is
classified and the frequency of occurrence of each class for
every group is presented in Figure 3. Figure 3 reveals that
during the majority of the days selected as dust episodes
according to the results of BSC-DREAMS8Db, the values of the
short-term component are positive, indicating an increase in
PM10 levels that could be partially attributed to the transport
of desert dust. However, for several days that are included
in the first group, the values of the short-term component
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TasLe 3: Contribution of transported dust to near surface PM10 levels'.

Site Case a Case b Case ¢ Case d

S R? N S R? N S R? N S R? N
Finokalia 1.48 0.44 33 3.69 0.64 45 2.61 0.74 17 5.32 0.82 18
Thrakomakedones 2.06 0.49 40 3.96 0.68 59 2.58 0.86 29 5.04 0.80 30
Volos 1.19 0.42 25 3.55 0.83 36 1.92 0.71 13 4.08 0.83 13
Panorama 1.80 0.85 12 3.77 0.95 12 1.99 0.92 10 3.94 0.97 10

1S: Slope of the regression line; R?: Squared Correlation Coefficient regarding the regression procedure; N: Number of Days included in the regression analysis.

are lower than the selection threshold (12ug/m?®) or are
even negative. Negative values indicate that the simulation of
BSC-DREAMSD concerning the occurrence of a dust episode
might be false. However, negative values of the short-term
component can also be caused by local effects (e.g., related to
the weekly variation of PM10 levels), especially at urban or
suburban sites. Positive values lower than 12 ug/m? indicate
that the BSC-DREAMS8b model might be successful in the
prediction of the occurrence of a dust outbreak; however, it
fails to estimate the magnitude of the dust being transported.
More specifically, negative values are calculated for the 24,
17, 10, 28, and 0% of the days at Finokalia, Heraklion,
Thrakomakedones, Volos, and Panorama, respectively, while
positive values lower than 12 ug/m? are calculated for the 15,
14, 15, 16, and 17% of the days, respectively. The short-term
component of the daily average value of PM 10 concentration
raises more than 12 ug/m> during the 61, 69, 75, 56, and
83% of the days at Finokalia, Heraklion, Thrakomakedones,
Volos, and Panorama, respectively. Violations of the Air
Quality Standard (AQS) are observed during all of these days
at Heraklion (29 days), Volos (14 days), and Panorama (10
days) and during the 86 and 93% of these days at Finokalia
(18 days) and Thrakomakedones (28 days), respectively,
as the daily average value of PM10 concentration exceeds
50 ug/m>. The limit value is established by the European
Union’s Directive 1999/30 and is kept by the Directive
2008/50, which recently replaced the former Directive.
This fact indicates that when BSC-DREAMS8b achieves to
predict a significant dust outbreak, an AQS exceedance will
most probably be observed. Additionally, the number of
exceedances at Heraklion and Thrakomakedones is close to
the allowed number of exceedances, which is set equal to
35 according to the above-mentioned Directives. However,
it should be pointed out that Directive 2008/50 states that
where natural contributions to pollutants in ambient air
can be determined with sufficient certainty, and where
exceedances are due in whole or in part to these natural
contributions, these may be subtracted when assessing
compliance with air quality limit values. The results of the
present study and dust regional modelling in general can be
useful in the development of air pollution control strategies.

It should be noted though that the increase in PM10
levels, observed during the days when dust events take
place according to BSC-DREAMS8b, could be attributed
not only to the transported dust but also to the local
meteorological conditions that are prevailing during dust
outbreaks. It is well known that specific meteorological

conditions could favour the accumulation of dust as well as
the accumulation of pollutants that are locally emitted due
to anthropogenic activities. Moreover, anthropogenic as well
as natural emissions of PM 10 undergo a significant temporal
variation that could mask the influence of the transported
Saharan dust.

The analysis of the data that refer to the selected events
is extended in order to quantify the contribution of the
transported dust to the observed near surface PM10 levels.
For this reason, model predictions are compared to PM10
observations, as well as to their short-term component. Four
cases are examined. Case (a): model predictions are com-
pared to the short-term component of the PM10 observa-
tions. Case (b): model predictions are compared to the PM10
observations. Case (c): model predictions are compared to
the short-term component of PM 10 observations, only when
the short-term component of PM10 concentrations is higher
than the value forecasted by the model. Case (d): model
predictions are compared to the PM10 observations, only
when the short-term component of PM10 concentrations is
higher than the value forecasted by the model. The results
of the cases (a) and (b) include uncertainties as model’s
possible mispredictions are not excluded from the analysis.
The results of cases (c) and (d) are more indicative as
the introduction of the criterion regarding the short-term
component cuts off the possible mispredicted events and
allows the inclusion in the analysis of only those days when
dust transport could have contributed to the increase of the
observed PM10 levels.

A regression line is calculated for every site for each of
the cases examined, considering the model’s prediction as
the independent variable and the PM10 concentration or its
short-term component as the dependent one. Additionally,
intercept is forced to zero. The results of all regressions are
presented in Table 3. Table 3 shows that model’s predictions
are better correlated to the PM10 observations than to their
short-term component, with just one exception (Thrako-
makedones, cases (¢) and (d)). This fact could be attributed
to the variability of the anthropogenic emissions that have
diurnal and weekly cycles and moreover to meteorological
phenomena that also present variations of one or more days,
such as the sea breeze circulation and synoptic winds. The
influence of the above factors and phenomena is probably
masked by the application of the KZ;55 filter, since their
variability is much shorter than the 15-day window of the
filter applied. The slope values when model predictions
are regressed to PM10 observations are higher than when
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regressed to their short-term component indicating the
contribution of additional sources other than desert to the
determination of surface PM10 levels in the areas studied.

According to the analysis of case (c), dust contribution
accounts for the 38, 39, 52, and 50% of the increase in
PM10 concentrations at Finokalia, Thrakomakedones, Volos,
and Panorama, respectively, while according to the results
of case (d), the 19, 20, 25, and 25% of the measured
PM10 concentrations is attributed to dust transport. The
percentage differences support the conclusion drawn above
regarding the drawback of the application of the KZ filter.

As Finokalia is a background site, it was expected that
dust contribution to surface PM10 levels would be relatively
higher. This fact indicates that BSC-DREAMS8b probably
underestimates the dust transported at Finokalia station
during the dust outbreaks and that the background PM10
levels at this site could be influenced not only by the
transported desert dust but also by particles emitted by
other natural sources. Gerasopoulos et al. [33] state that ions
and particulate carbonaceous matter could also contribute
to PM10 mass, although they report that PM10 levels at
Crete are mainly influenced by desert dust during dust
outbreaks. According to the previous analysis, the desert
dust contribution accounts for the 39% of the increase in
PM10 concentrations at Thrakomakedones. Thrakomake-
dones station is located to the north of the Athens Basin
and PM10 levels there are affected also by anthropogenic
emissions. This fact is closely linked to the sea breeze
circulation that frequently develops in Athens Basin during
the warm period of the year [34, 35]. Most of the cases
that are involved in the regression analysis correspond to
spring and summer days. Sea breeze is associated to winds
blowing from southeast directions that advect pollutants that
are released at the heavily industrialized south-western part
of the urban agglomeration, as well as at the city centre, to the
north part of the Athens Basin where Thrakomakedones are
located. The estimated dust contribution to the PM10 levels
at Volos and Panorama could be regarded as reasonable.
Volos is a medium-sized coastal city where anthropogenic
emissions are high during the cold period of the year [36].
Local emissions are less intense during the warm period.
The vast majority of the dust transport events that are
included in the regression analysis correspond to spring and
summer days. Therefore, it can be supported that although
Volos is an urban site, PM10 levels could be significantly
influenced by dust transport during the selected outbreaks.
As far as Panorama is concerned, it is considered as a suburb
that is not significantly affected by anthropogenic emissions
[25]. The results presented and the conclusions drawn above
should be further verified by future studies including even
longer timeseries than the 7-year timeseries used in the
present analysis.

4. Conclusions

The objective of this study is to assess the efficiency of BSC-
DREAMS8b model to predict Saharan dust transport episodes
in the Eastern Mediterranean. For this reason, model outputs

that cover the period 2001-2007 are compared to PM10 data
recorded by five automatic monitoring stations in Greece.
A quantitative criterion is established in order to select the
most important dust outbreaks. When modelled surface
concentration becomes higher than 12 pug/m?®, significant
dust transport and deposition is assumed to occur.

The duration of the selected events is longer at the
monitoring sites located to south Greece (namely, Finokalia
and Thrakomakedones). A significant dust outbreak that
lasted more than 5 days is detected at all sites in June
2007. This event coincided with the heat wave episode that
influenced the Eastern Mediterranean, contributing to the
aggravation of air quality and discomfort conditions.

Dust transport is more favoured during summer and
spring at Thrakomakedones, Volos, and Panorama and
during winter and spring at Finokalia. Additionally, ~20% of
the selected dust outbreaks at Finokalia, Thrakomakedones,
and Volos are observed during autumn, therefore autumn
could also be considered as a season when important dust
transport events occur over the Eastern Mediterranean.

In order to evaluate BSC-DREAMS8b outputs, the mod-
elled values are compared to the daily average values of
surface PM10 concentration, as well as to their short-
term component. Short-term variations are attributed to
weather processes and do not include seasonal or long
term variations. The short-term component is separated
by applying a KZ;s55 filter to the original time series and
then by subtracting the filtered time series from the original
one. The values of the short-term component are positive
(indicating an increase in PM10 levels) and higher than
12 ug/m*® (indicating contribution of transported dust to
PM10 levels reliably) during the 61, 69, 75, 56, and 83% of
the days identified as dust outbreaks at Finokalia, Heraklion,
Thrakomakedones, Volos, and Panorama, respectively. Dur-
ing the rest of these days, the model fails either to simulate
the occurrence of a dust episode or to estimate its magnitude.
However, it is found that modelled values correlate better
with PM10 observations than with their short-term compo-
nent, as the application of the KZ;55 filter probably masks
the influence of some factors and meteorological phenomena
that have periodicities much shorter than the 15-day window
of the applied filter (e.g., anthropogenic emissions with
diurnal and weekly cycles, sea breeze circulation). The
comparison between the model’s predictions and the short-
term component of PM 10 observations reveals that dust con-
tribution accounts for the 38, 39, 52, and 50% of the increase
in PM10 concentrations at Finokalia, Thrakomakedones,
Volos, and Panorama, respectively, while the comparison
between the model’s predictions and PM10 observations
shows that the 19, 20, 25, and 25% of the measured PM10
concentrations at Finokalia, Thrakomakedones, Volos, and
Panorama, respectively, is attributed to dust transport.
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