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Abstract. An inversion method has been developed in order to quantify the emission fluxes of certain aerosol
pollution sources across a wide region in the Northern Hemisphere, mainly in Europe and western Asia. The data
employed are the aerosol contribution factors deducted by positive matrix factorization (PMF) on a PM; 5 chem-
ical composition dataset from 16 European and Asian cities for the period 2014 to 2016. The spatial resolution
of the method corresponds to the geographic grid cell size of the Lagrangian particle dispersion model (Flexible
Particle Dispersion Model, FLEXPART, 1° x 1°) which was utilized for the air mass backward simulations. The
area covered is also related to the location of the 16 cities under study. Species with an aerodynamic geometric
mean diameter of 400 nm and 3.1 um and a geometric standard deviation of 1.6 and 2.25, respectively, were used
to model the secondary sulfate and dust aerosol transport. Potential source contribution function (PSCF) analysis
and generalized Tikhonov regularization were applied so as to acquire potential source areas and quantify their
emission fluxes. A significant source area for secondary sulfate on the east of the Caspian Sea is indicated, when
data from all stations are used. The maximum emission flux in that area is as high as 10 x 1072 kgm=2s~!,
When Vilnius, Dushanbe, and Kurchatov data were excluded, the areas with the highest emission fluxes were
the western and central Balkans and southern Poland. The results display many similarities to the SO, emis-
sion maps provided by the OMI-HTAP (Ozone Monitoring Instrument-Hemispheric Transport Air Pollution)
and ECLIPSE (Evaluating the Climate and Air Quality Impacts of Short-Lived Pollutants) databases. For dust
aerosol, measurements from Athens, Belgrade, Debrecen, Lisbon, Tirana, and Zagreb are utilized. The west
Sahara region is indicated as the most important source area, and its contribution is quantified, with a maxi-
mum of 17.6 x 10712 kgm~2 s~!. When we apply the emission fluxes from every geographic grid cell (1° x 1°)
for secondary sulfate aerosol deducted with the new method to air masses originating from Vilnius, a useful
approximation to the measured values is achieved.
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1 Introduction

Atmospheric aerosol particles affect air quality, human
health, atmospheric visibility, and the climate (Laden et al.,
2006; Lohmann and Feichter, 2005; Pope and Dockery,
2006; Ghosh et al., 2021; Burkart et al., 2022; Pandey et al.,
2021; WHO, 2021). In order to identify and quantify aerosol
sources and corresponding source areas, significant effort is
required by the Scientific Community. When this informa-
tion is acquired, measures can be applied so as to improve
air quality. Source apportionment methods are widely used
for air quality management, as they provide information on
the relationship between air pollutant sources and their con-
centrations. The quantification of air pollution sources, both
in terms of their sectorial and spatial origins, constitutes an
essential step in the air quality management process (Wessel-
ing et al., 2019).

In order to find the source areas for the pollution sources
as identified by Almeida et al. (2020) we followed the po-
tential source contribution function analysis (PSCF) (Eleft-
heriadis et al., 2009) and a discrete, deterministic approach
(Tikhonov regularization; Tikhonov et al., 1995). Discrete,
deterministic approaches have a long and distinguished his-
tory in geophysics. The major advantage of these methods
is their computational efficiency, with costs governed by the
number of discrete basis functions used. This limits the scale
of the inference task to suit available resources but imposes
strong assumptions about the properties of the model sought:
we assume that it can be well-represented using the chosen
set of basis functions. A drawback of any deterministic ap-
proach is the presumption that there is a single “answer” that
can explain observations. In many cases, this cannot be true:
available data plainly lack the sensitivity required to properly
constrain all components within the basis function expan-
sion. This motivates strategies that seek to identify the full
range of models that might be compatible with observations
(Park et al., 2018).

This study aims to introduce a two-step method for the
quantitative estimation of emissions from geographic areas
using in situ stations’ measurement data. In the first step, the
PSCF analysis for each measurement station is produced for
the target species. Based on the results, we evaluate whether
at a measurement station the target species are mainly trans-
ported or locally produced. In the second step, including only
stations for which the target species are transported, we em-
ploy the Tikhonov regularization method in order to acquire
emission fluxes from each geographic source area. The use
of this method can reduce the uncertainty in emission fluxes,
especially from those areas in which the emission inventories
have high uncertainty. Numerous source apportionment stud-
ies have been conducted at many European and Asian cities
in the past, and this method can identify the source areas of
transported aerosols and quantify their emissions.

In the present work no a priori information was used, and
a smooth solution was sought. The smooth solution is justi-
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fied by the fact that SO, emissions are gradually converted
to secondary sulfate aerosol as they travel along with the
air masses (Seinfeld and Pandis, 1998). This process takes
many hours, covering probably more than one geographic
grid cell (1° x 1°). Dust aerosol possibly originates from
multiple neighboring cells (i.e., in North Africa) and there-
fore a smooth solution is suitable for this case too.

It is important to note that the emission fluxes retrieved
are subject to air mass transport paths, atmospheric condi-
tions, and atmospheric chemistry. In other words, if a ge-
ographic grid cell emits a pollutant but air mass transport
does not allow these emissions to reach any of the measure-
ment stations in the study, this cell will not be attributed the
emission flux that it has. For species like secondary sulfate,
identical precursor gases emission fluxes could lead to differ-
ent aerosol concentrations, depending on atmospheric condi-
tions and chemistry. It is also possible that locally produced
aerosol (that is within the station grid cell) cannot be cor-
rectly associated with residence time in the grid cell. That is
because emission fluxes in the vicinity of the measurement
stations have a very small residence time until they arrive
at the station and have a very high impact on the measured
concentration. Despite these potential problems, the informa-
tion on specific geographic grid cells that actually impact the
measurement stations area is focused on where mitigation
measures for long-range transport must be applied.

From now on, we refer to “source apportioned concen-
tration by positive matrix factorization (PMF)” as “concen-
tration” and to “geographic grid cell source area emission
fluxes” as “emission fluxes”. NE corresponds to the north-
east, NW to the northwest, SE to the southeast, and SW to
the southwest.

2 Materials and methods

2.1 Particulate-matter (PM) sampling stations and filter
analysis

More than 2200 PM; 5 samples were collected in urban
and suburban background stations from 16 European and
Central Asian cities as presented in Fig. 1 (Tirana, Zagreb,
Chisinau, Athens, Skopje, Debrecen, Banja Luka, Sofia, Bel-
grade, Krakéw, Niksi¢, Kurchatov, Dushanbe, Vilnius, Lis-
bon, Ankara). The Ankara and Belgrade stations are reported
as suburban background by Almeida et al. (2020), while all
other stations are reported as urban background. Sampling
was performed mostly in 24 h periods, every third day, be-
tween January 2014 and December 2016. Particles were sam-
pled on PTFE, polycarbonate, cellulose nitrate, cellulose, and
quartz filters by means of low- and medium-volume sam-
plers.

Before and after sampling, filters were weighed in the lab-
oratories located in each city by means of a microbalance us-
ing the procedure described in EN12341 (1998). Filters were
subsequently analyzed by several analytical techniques for
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Figure 1. Urban background and suburban background measurement stations included in the study. The Ankara, Dushanbe, Vilnius, Krakéw,
Kurchatov, and Lisbon sampling locations are depicted in panel (a), while the Athens, Banja Luka, Belgrade, Chisinau, Debrecen, Niksi¢,
Skopje, Sofia, Tirana, and Zagreb sampling locations are depicted in panel (b).

the determination of major and trace elements, elemental and
organic carbon, black carbon, and water-soluble ions.

The positive matrix factorization receptor model (EPA
PMF 5.0; Brown et al., 2015) was applied and sources were
acquired for each city.

Due to the high number of cities involved in this work,
it was not possible to fully harmonize the methods used,
which introduces a level of uncertainty in the results obtained
and especially in their comparison. Source apportionment
(SA) of PM; 5 was performed by receptor modeling that is
based on the mass conservation principle. Further uncertain-
ties to the source apportionment results were introduced by
the fact that at the stations of Chisinau, Sofia, Niksié, Lis-
bon, Ankara, and Vilnius only 50 filter samples are available.
We have not applied PMF to less than 50 samples in any of
the cities. Fifty samples have been recorded as the minimum
necessary for a meaningful source apportionment analysis
according to Manousakas et al. (2017b) and Johnson et al.
(2011). Having said that, it has been identified in the past that
small datasets (with the number of samples close to 50) pose
an extra challenge when used for PMF because the solution
is strongly affected by rotational ambiguity and the overall
uncertainty is increased. Before using the results, we have
fully assessed the uncertainty in the SA solution using the
enhanced tool offered by EPA PMF 5.0. The uncertainty was
within acceptable limits. We included these measurements
because they are valuable, as aerosol data from these areas
are scarce and, also, because including them would diversify
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the origin of air masses used in the identification of source
areas and emission fluxes, making our results more precise.

More details can be obtained in Almeida et al. (2020),
where the measurement stations, PM» s analysis techniques
used, and PMF results are described in detail.

2.2 Flexible Particle Dispersion Model (FLEXPART)

The Flexible Particle Dispersion Model (FLEXPART) was
used in order to acquire residence times over geographic grid
cells (Stohl et al., 2005, 2009). These residence times indi-
cate how sensitive the measurements at a station are to emis-
sions occurring at each geographic grid cell. FLEXPART
runs account for grid-scale wind as well as for turbulent and
mesoscale wind fluctuations. Drift correction, to prevent ac-
cumulation of the released computational particles, and den-
sity correction, to account for the decrease in air density with
height, were both applied. Twenty-day backward runs with
the release of 4 x 10* air parcels every 3 h beginning from
each station were produced. The residence time for each of
these air parcels over each grid cell was calculated. Then the
average was taken for all air parcels for each grid cell. This
is the sensitivity for each 3 h. We then sum these 3 h sensitiv-
ities so as to correspond exactly to each filter sampling time.
The aerosol species carried by the air parcels were secondary
sulfate (400 nm aerodynamic geometric mean diameter, 1.6
standard deviation) and dust (3.1 um aerodynamic geometric
mean diameter, 2.25 standard deviation). Wet and dry depo-
sition of these species was also included in the model. Res-
idence times in each grid cell, for a height range from 0 to
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500 m above ground level (a.g.l.), are used for this study. The
height was chosen so as to include sources within the bound-
ary layer for all geographic grid cells. Chemical reactions
were not simulated in the backward runs.

The properties of the species were chosen based on the
work published by Gini et al. (2022), where an 11-stage low-
pressure Berner impactor was used. The Berner impactor
aerodynamic diameter sizes range from 0.03 to 13.35 um at
a flow rate of 26 L min~L. Gini et al. (2022) determined the
elemental composition of the collected samples by energy
dispersive X-ray fluorescence spectroscopy (XRF).

In the case of secondary sulfate, it is important to keep in
mind that SO; is the primary emitted species and secondary
sulfate is produced in the atmosphere through chemical reac-
tions in the gas and liquid phase. In order to calculate the un-
certainty that this error induces in the calculated footprint, we
refer to residence times in the atmosphere reported by Sein-
feld and Pandis (1998, p. 66). The SO, mean residence time
reported due to dry deposition is 60 h, its residence time due
to wet deposition is 100 h, and its residence time due to trans-
formation to secondary sulfate is 80 h. The resulting SO res-
idence time due to wet and dry deposition is 37.5h, while
if we also include the transformation to sulfate the overall
mean residence time is 25 h. The corresponding wet- and dry-
deposition residence time indicated for secondary sulfate is
80h. Therefore, in such a case, SO, deposits (wet and dry
deposition) twice as fast as secondary sulfate. These calcu-
lations correspond to the midlatitudes (45—65° N) according
to Rodhe (1978). FLEXPART is provided with a secondary
sulfate aerosol particle size distribution, and it compensates
for wet and dry deposition as it follows the species backward
in time. The error in the calculation of the residence time in
each geographic grid cell is mainly due to not accounting for
the enhanced deposition of SO, for 1-2 d just after emission.
But this enhanced wet and dry deposition for SO, should be
applied only for a small fraction of the travel time. The mean
error in residence time due to this discrepancy is expected to
be close to 10 %.

It should be noted that we do not present emission fluxes
of SO, but the origin of secondary sulfate aerosol measured
at each station if it was produced as such in the emitting grid
cell. Therefore we report the combined effect of SO, emis-
sions, air mass transport, and environmental conditions that
produce the secondary sulfate aerosol measured in the sta-
tions participating in the study. That is why we believe that
the fluxes derived cannot be applied to very distant measure-
ment stations, whose environmental conditions might be very
different from the stations in the study. Also, the estimated
error was calculated based on values derived for the midlati-
tudes.

Since secondary sulfate has a mean residence time of
80h in the atmosphere, as reported by (Seinfeld and Pandis,
1998), we expect that most of the secondary sulfate aerosol
measured at each station has been produced in the atmo-
sphere within the previous week. This would probably corre-
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spond to regional transport, not global. We expect that most
of the dust aerosol measured at each station would be re-
gional since it has a much larger aerodynamic mean diam-
eter of 3.1 ym, leading to a much faster deposition velocity.
In any case, both species are followed backward in time for
20d and residence times are attributed for all geographic grid
cells. However, for the inversion we use the residence times
in each cell for the area between a latitude of —30 to 90° N
and a longitude from —40 to 140° E.

2.3 Tikhonov regularization

We are concerned with the solution of minimization prob-
lems of the form

min||Ax —b|| xeR", (1

where || - || denotes the Euclidean norm, A € R™*" is an ill-
conditioned matrix, and the data vector be R™ is contami-
nated by an unknown error e € R™ that may stem from mea-
surement inaccuracies and discretization error (Park et al.,
2018). Thus, b = bexyct + €. We are interested in computing
the solution x¢x,ct Of @ minimal Euclidean norm of the least-
squares problem with the error-free data vector

min||Ax — bexacel| X€R", 2

associated with Eq. (2). The desired solution Xexact Will be
referred to as the exact solution. Since bexact is not known, we
seek to determine an approximation of Xexact by computing a
suitable approximate solution of Eq. (2).

Due to the ill conditioning of matrix A and the error e
in the data vector b, a straightforward solution of the least
squares problem (2) generally does not give a meaningful ap-
proximation of Xexacr. Therefore, the minimization problem
of Eq. (2) is commonly replaced by a penalized least-squares
problem of the form

min{||Ax—b||2+A2||L(x—xo)||2] xeR". 3)

This replacement is known as Tikhonov regularization.
The parameter A > 0 is the regularization parameter that bal-
ances the influence of the first term (the fidelity term) and the
second term (the regularization term), which is determined
by the regularization matrix L€ RP*". Here p is an arbitrary
positive integer. x( represents our a priori knowledge on the
solution.

The purpose of the regularization term is to damp unde-
sired components of the minimal-norm least-squares solution
of Eq. (1). The minimization problem (3) is said to be in stan-
dard form when L is the identity matrix I; otherwise the min-
imization problem is said to be in general form. We are inter-
ested in Tikhonov regularization in general form because for
a suitable choice of regularization matrix L # I, the solution
of Eq. (3) can be a much better approximation of X¢xact than
the solution of Eq. (3) with L = I. A smooth solution is ob-
tained when the L matrix requires that the difference between
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two neighboring cells is minimal. In other words, when the
regularization matrix L is the first-order discrete derivative
operator, it imposes smoothness on the solution (Donatelli
and Reichel, 2014). In our particular case, each row of the
A matrix corresponds to FLEXPART sensitivity (residence
time in each grid cell) for each filter measurement, and each
column of the A matrix corresponds to a specific geographic
grid cell sensitivity for all filter measurements. b corresponds
to the actual species mass concentration for each filter, while
x is the emission flux from each geographic grid cell. In
other words, we try to extract information associated with
residence time in each grid cell for each filter measurement.
We expect that uncertainties associated with the PMj 5
measurements, chemical analysis, and PMF model applica-
tion will also be attributed as unknown error e in the regular-
ization term. Cavalli et al. (2016) report a positive sampling
artifact of 0.4 to 2.8 ugCm~> for PM collection on quartz
fiber filters corresponding to 14 %—70 % of the total carbon
collected. Viana et al. (2006) report that approximately 14 %
of the PM; 5 mass may result from the adsorption of gaseous
organic and inorganic compounds onto the filter or the par-
ticles already collected on it (positive artifact). They also
state that prolonged sampling times may lead to greater neg-
ative artifacts (i.e., the loss of semi-volatile organic com-
pounds and of ammonium nitrate). The uncertainty in the
XREF, elemental carbon (EC), organic carbon (OC), and ion
chromatography (IC) measurements range between less than
10 % (IC) and up to 20 % (XRF) (Manousakas et al., 2017a;
Panteliadis et al., 2015; Mantas et al., 2014; Vratolis et al.,
2018). According to the AIRUSE 2016 EU project final re-
port (Deliverable B2.4; IDAEA, 2016; Amato et al., 2016;
Diapouli et al., 2017), the PMF results’ standard error was
estimated for the secondary sulfate source to be below 10 %,
while the dust source standard error ranged from below 5 %
to 40 % (PMy s filters). An overall uncertainty approximat-
ing 30 % in the results obtained from the filter analysis and
species concentration for each city is therefore expected.
When no a priori information is available, the assump-
tion in the Tikhonov regularization equation is that xg is a
vector of zeros. We seek in our case a smooth solution, re-
questing that emission fluxes of neighboring cells have dif-
ferences close to 0, while at the same time the measured con-
centrations are reconstructed by the solution. Solutions with
small emission flux absolute values have smaller differences
in neighboring cells than solutions with large emission flux
absolute values. This imposes solutions with emission fluxes
as small as possible, leading to the underestimation of mea-
sured values. The underestimation is relevant to how impor-
tant the regularization term in Eq. (3) is. A perfect fit between
the measured and modeled data is achieved when the regular-
ization parameter A is equal to 0. As we mentioned in the pre-
vious paragraph, an overall uncertainty approximating 30 %
is expected. In order to regularize such an uncertainty level a
large regularization parameter A is required, thus leading to a
significant underestimation of the model results. We have to
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keep in mind that if X is close to 0, we perfectly reconstruct
the measured concentrations, which include a large error due
to the aforementioned reasons. As the inverse process is not
linear, such an approach would result in very large errors in
the estimation of emission fluxes in each grid cell.

A secondary sulfate aerosol species was identified in 14
out of 16 cities in the study, and therefore the two cities
without this species (Ankara, Lisbon) were excluded from
the analysis. In a small number of samples in the 14 cities
included in the study, negative concentrations were identi-
fied. These samples were excluded from the dataset used in
the Tikhonov regularization. Dust aerosol concentration was
identified in 16 cities. Nevertheless, after the PSCF analysis
for dust aerosol, only six cities were included in the Tikhonov
regularization dataset. That is because the PSCF analysis in-
dicated that most of the dust aerosol identified was of local
origin (dust resuspension). Filter samples that had negative
dust concentrations were also excluded.

2.4 L-curve method

Commonly, if only a single regularization parameter needs
to be determined, the norms of model and residuals are plot-
ted against one another so as to give an L curve. This name
comes from the curve’s characteristic shape, and the pre-
ferred regularization parameter is then chosen by identify-
ing the “elbow” of the curve. The strategy is justified by the
principle of Occam’s razor, which advocates reliance on the
simplest (in the present context, smallest) model that can ex-
plain observations (Valentine and Sambridge, 2018; Hansen,
1992).

2.5 Potential source contribution function (PSCF)

Twenty-day backward FLEXPART runs were used to acquire
the residence time over each geographic cell for each mea-
surement and for all stations. For each cell the PSCF ratio
was calculated.

PSCF; ; = weighti’j xmj j/n;j, C))

where m;_; is the sum of residence times (sensitivity) in a cell
for concentrations higher than the 90th percentile and n; ; is
the sum of residence times for all measurements. The indexes
i and j correspond to latitude and longitude of each grid cell.
PSCF; ; is the measure of probability of a grid cell (1° x 1°)
to contribute to the concentration of the pollutant measured
at the receptor site considered (Perrone et al., 2018). In or-
der to acquire the weight factor used for each cell, total resi-
dence times in cells were divided in percentiles. The weight
coefficients 0.25, 0.5, and 0.75 were used for cells with to-
tal residence times up to the 25th, 50th, and 75th percentiles,
respectively.

We apply the PSCF analysis for each measurement station
and each aerosol species. The information that we use is the
overall residence time for all filters in each station (n; ;) and
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Figure 2. PSCF analysis for concentrations higher than the 90th
percentile of secondary sulfate aerosol in Zagreb, Athens, Vilnius,
Krakéw, Banja Luka, and Skopje. The horizontal bar represents the
PSCEF ratio (PSCF; ; = Weighti’j xXmj j/ni ;)

the overall residence times in each grid cell for the filter mea-
surements with the highest secondary sulfate or dust aerosol
concentrations (m; ;). In other words, we extract informa-
tion from the sum of residence times for all filters and the
sum of residence times for filters with the highest concentra-
tion (90th percentile). Grid cells with a very small residence
time may result in PSCF with high uncertainty in the appar-
ent high value. For large values of n; ;, there is more statis-
tical stability in the calculated value. Thus, to reduce the ef-
fect of small values of n; ;, an empirically determined weight
matrix is multiplied with the PSCF ratio to better reflect the
uncertainty in the values for these cells (Polissar et al., 2001).

Twenty-day backward runs were used so as to assess
species with high residence times in the atmosphere, like Sa-
hara dust.

3 Results and discussion

3.1 Secondary sulfate aerosol

The secondary sulfate concentration identified in each station
was simulated by an aerosol log-normal distribution with an
aerodynamic geometric mean diameter of 400 nm and a stan-
dard deviation of 1.6. From each station the aerosol mass was
released every 3 h (within 4 x 10* discrete finite air masses)
and followed backward in time for 20 d. The result obtained
by FLEXPART was the residence time in each geographic
cell. In Fig. 2, the PSCF results for Zagreb, Athens, Krakow,
Skopje, Vilnius, and Banja Luka are displayed. These cities
were chosen as the areas indicated by their PSCF correspond
to high emission fluxes according to emission maps (OMI-
HTAP, ECLIPSE). In Appendix Al we display the PSCF re-
sults for the rest of the cities for which a secondary sulfate
concentration was identified.

Atmos. Chem. Phys., 23, 6941-6961, 2023
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In Fig. 2, Athens indicates the center of the Balkans and
eastern Europe as source areas. Krakow points mainly to the
area east of the Caspian Sea. Banja Luka’s secondary sul-
fate main origin is the Volga region and the eastern Balkans.
Vilnius’s secondary sulfate comes from Ukraine and the
Balkans. Skopje’s secondary sulfate stems from the north of
the Balkans and northern Italy. A source area is also indi-
cated in NW Africa. Zagreb indicates the central and eastern
Balkans, the area around the Caspian Sea, and Asia Minor as
source areas.

In two cities (Ankara, Lisbon), no secondary sulfate con-
centration was indicated by the PMF analysis. Therefore 14
out of the 16 cities could be included, namely Tirana, Zagreb,
Chisinau, Athens, Skopje, Debrecen, Banja Luka, Sofia, Bel-
grade, Krakéw, Niksi¢, Kurchatov, Dushanbe, and Vilnius
(around 2050 measurements). Our first approach was to ap-
ply the Tikhonov regularization to data from the six cities
indicated by the PSCF analysis in Fig. 2. Then we applied
regularization to all 14 cities.

We applied the Tikhonov regularization to all 14 cities
with an identified secondary sulfate concentration, as we
consider that secondary sulfate and its precursor gases are
emitted from many source areas in both Europe and Asia,
and we needed as many stations and measurements as possi-
ble in order to identify them.

In Fig. 3, the emission fluxes for secondary sulfate aerosol
calculated by the Tikhonov regularization method for 1° x 1°
cells are presented. We used this resolution in the range of
latitudes from —30 to 90° N and longitudes from —40 to
140° E. This corresponds to a 120 x 160 (19200 unknown
factors) emission cell matrix, a number much higher than
the total number of measurements. It is important to keep
in mind that not all species are measured at all stations, and
even when a species exists at a station, it may not be present
in all samples.

The result for the 6 cities (1069 measurements) is depicted
in Fig. 3a, while the result for 14 cities is displayed in Fig. 3b.

The SO, emission inventory of OMI-HTAP is also dis-
played in Fig. 3c (Liu et al., 2018). It includes the non-energy
emissions (from industry, residential, and transportation) and
the energy emissions. Note that aviation and shipping emis-
sions are not included in the OMI-HTAP inventory. The high-
emission grid cells of the Tikhonov regularization solution
for 14 cities are indicated by shaded areas. We observe that
there are high emission fluxes in the SO, OMI-HTAP map in
the indicated areas.

We also observe in Fig. 3 that the areas indicated by
the Tikhonov regularization solution for 14 cities (Fig. 3b),
namely the central and western Balkans, southern Poland,
and the area east of the Caspian Sea, are apparent also in
the ECLIPSE SO, database map (Klimont et al., 2017).
Again, we indicate these areas by adding a shaded oval. The
ECLIPSE SO, database includes energy production, indus-
try, oil and gas flaring, transport, shipping, agriculture, and
residential and waste emissions. As already mentioned ear-

https://doi.org/10.5194/acp-23-6941-2023



S. Vratolis et al.: A new method for the quantification of ambient particulate-matter emission fluxes

le—-12

B (6] [«)]

kg*m=2*g71

w

1077

1078

107°

Kg*m2*s—1

10—10

10—11

(c)

6947

1e—1110

104

103

102

Kt/year

10!

10°

Figure 3. Secondary sulfate aerosol Tikhonov regularization, 1° x 1° emission fluxes, and OMI-HTAP and ECLIPSE emission maps. In
panel (a) the solution for the six cities indicated by PSCF analysis (Zagreb, Athens, Vilnius, Krakéw, Banja Luka, Skopje) is demonstrated.
Panel (b) depicts the Tikhonov regularization emission flux solution when data from 14 stations are included. In panel (c¢) the OMI-HTAP
emissions map during 2015 for SO, is demonstrated with units of kg m2s 1. In panel (d) the ECLIPSE V6b database for SO, emissions
during 2015 is presented with units of kt yr_1 . Grid cells attributed high emission fluxes by the Tikhonov regularization are indicated in the

emission inventories maps by shaded areas.

lier, a high level of uncertainty is expected in our input data.
We excluded negative secondary sulfate concentration mea-
surements from the calculations, due to their high uncer-
tainty. In Fig. 3b, which corresponds to the solution for all
available data (14 stations), the highest values are as follows.

For the area east of the Caspian Sea, the maximum value
is 10 x 1072 kgm~2s~! for latitude 37-38° N and longi-
tude 67-68° E. In the OMI-HTAP SO; map, the maximum
value in the area is at 39-40° N and 65-66° E, with a value
of 7.7 x 107 19kgm=2s~ !

For the area in the western Balkans, the maximum value
is 7.8 x 1072 kgm~2s~! for latitude 44—45°N and longi-
tude 16—17° E. In the OMI-HTAP SO; map, the maximum
value in the area is at 44-45° N and 18-19° E, with a value
0f 9.2 x 107 10kgm=2s~!.

For the area in Poland, the maximum value is
6.1 x 1072kgm~2s~! for latitude 49-50° N and longitude
19-20° E. In the OMI-HTAP SO, map, the maximum value

https://doi.org/10.5194/acp-23-6941-2023

in the area is at 51-52° N and 19-20° E, with a value of
53x1070kgm=2s 1,

For the area in the central Balkans, the maximum value
is 8.3 x 10712kgm~2s~! for latitude 42-43° N and longi-
tude 20-21° E. In the OMI-HTAP SO; map, the maximum
value in the area is at 44-45° N and 18—-19° E, with a value
0of 9.3 x 1071 0kgm~2s71.

In the solution for 6 cities (Fig. 3a), very similar values
to the ones for 14 cities were acquired in the areas of the
western and central Balkans and Poland. We expect that the
hotspot areas in the Tikhonov regularization solution are the
most important for the transported secondary sulfate for the
cities in the study, even though the calculated emission flux
values might differ from the ones in emission inventories.

We also produced two more emission flux results: one in-
cluding only measurements from Zagreb (around 600 mea-
surements) and one including all participating European
cities except Vilnius (around 1800 measurements). The first

Atmos. Chem. Phys., 23, 6941-6961, 2023
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result is indicative of using a dataset from just one mea-
surement station. In the second result we exclude Vilnius,
Dushanbe, and Kurchatov data. Dushanbe and Kurchatov are
situated at a significant distance from other stations, outside
the region of Europe. Vilnius on the other hand is on the edge
of the area that is covered by European stations. This result
was produced as we wish to evaluate whether we could pre-
dict secondary sulfate concentration in Vilnius.

The result for Zagreb (Fig. 4b), due to the small number
of measurements (562 samples with positive secondary sul-
fate source values) used in relation to 19 200 unknown fac-
tors, lacks specificity, indicating Poland and eastern Europe
in general as the main source area. The central and western
Balkans also have a high impact on Zagreb. We included the
emission flux results for Zagreb as it was the station with the
largest number of filter samples in the study. This case rep-
resents the results we could expect when we use data from a
single station.

When we compare the OMI-HTAP emission map for SO,
(Liu et al., 2018) to the emission map acquired by the
Tikhonov regularization for the investigated European cities
excluding Vilnius (Fig. 4a), we observe many similarities.
The hotspots in the Balkans and southern Poland are appar-
ent in both maps.

We also find similarities between the PSCF analysis
(Fig. 2) and the regularization result when 14 cities are in-
cluded. In particular, the area east of the Caspian Sea appears
to contribute significantly in the PSCF performed for Zagreb
and Krakéw as well as in the Tikhonov regularization solu-
tion.

The PSCEF result for Dushanbe (Fig. A1) indicates the area
east and SE of the Caspian Sea as potential sources. This is
also apparent in the solution when we include all stations and
the OMI-HTAP emission map for SO;. Central Asia, com-
prising Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan, and
Turkmenistan, has developed rapidly in terms of population,
industrialization, and urbanization over the past few decades,
accompanied by increased anthropogenic emissions. These
emissions, along with regional and local dust, are often sub-
ject to long-range atmospheric transport by westerlies toward
the Tian Shan and the Tibetan Plateau. Biomass burning is a
significant contributor to primary organic carbon emissions
(Chen et al., 2022).

The center of the Balkans appears as a source area ac-
cording to the PSCF for Zagreb and Athens as well as the
Tikhonov regularization solution for 14 cities (Fig. 3b).

In the Tikhonov regularization result for the six cities
(Fig. 3a), resulting emission fluxes for all grid cells were
positive. In the other three Tikhonov regularization results
(Figs. 3b, 4a, b), we allowed for small negative emission
fluxes (=5 x 1013 kg m~2sh,

When we compare the modeled concentrations for sec-
ondary sulfate using the solution for 14 cities to mea-
sured values at each station (Fig. 5b), the agreement is
not good. This is probably due to uncertainties associated
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with the data, the influence of the regularization term in
Eq. (3), and the lack of a priori information, as explained in
Sect. 2.3 (Tikhonov regularization). In Fig. 5b, the intercept
is 3 ugm~3 and the slope is close to 0.3.

The modeled concentration was acquired according to
Eqg. (5), following (Pisso et al., 2019).

Model conc. (kg m_3) =
90° 140°

Z Z (residence time;_;j (s)

lat=—30° long=—40°

X Xexaci—i.j(kgm~2s~1)/height of 500 m) 5)

In Fig. A4 (Appendix) we present the emission fluxes
Tikhonov regularization solution (14 cities) for secondary
sulfate aerosol during summer (April to September) and win-
ter (October to March) months. In winter, as expected, emis-
sion fluxes have significantly higher values than summer. In
summer the hotspot east of the Caspian Sea almost disap-
pears, indicating that these emissions probably relate to heat-
ing. In southern Poland the hotspot is significantly reduced.
Hotspots on western and central Balkans appear to have simi-
lar values in winter and summer, indicating that they possibly
originate from power plants.

The case of Vilnius

In Fig. 6, we compare the modeled and measured secondary
sulfate aerosol concentration at Vilnius with the 1° resolu-
tion model. We used the result of the Tikhonov regulariza-
tion when we excluded the data from Vilnius, Dushanbe, and
Kurchatov to acquire the modeled values.

In general, the agreement between the modeled and the
measurement data is relatively good. The agreement is not
good for very low measured concentration values of sec-
ondary sulfate. The lowest PM, 5 concentrations in the
dataset are observed during August, September, until nearly
the end of October. This could also be related to the begin-
ning of the winter season, with increased emissions due to
heating.

Vilnius station was chosen for the demonstration of the
results as it is situated on the edge of the area that the rest of
the European stations of the study cover.

3.2 Dust aerosol

The first step in order to identify potential source areas was
to apply the PSCF analysis on all cities. Meaningful results,
in the sense that the indicated potential source areas do in-
deed emit dust aerosol, were acquired only in the cases of
Athens, Belgrade, Debrecen, Lisbon, Tirana, and Zagreb. In
Fig. 7 the PSCEF results at the 90th percentile for dust aerosol
for these stations are displayed. Potential source areas for
Athens were North Africa and the Middle East, for Belgrade
NE Africa and the Middle East, for Debrecen western Africa

https://doi.org/10.5194/acp-23-6941-2023
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Figure 4. Secondary sulfate aerosol Tikhonov regularization and 1° x 1° emission fluxes for (a) European stations excluding Vilnius
(Athens, Banja Luka, Belgrade, Chisinau, Debrecen, Niksi¢, Skopje, Sofia, Tirana, Krakéw, and Lisbon) and (b) Zagreb. The vertical bar

corresponds to the emission fluxes of secondary sulfate aerosol from each geographic grid cell in kg m~Zs
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cities in (a) and 14 cities in (b). Regression line 42 standard deviations is also depicted. The legend presents the measurement location.
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Figure 6. Comparison of modeled and measured secondary sul-
fate aerosol concentration at Vilnius. The emission flux solution
used is the one acquired by Tikhonov regularization when Vilnius,
Dushanbe, and Kurchatov data are excluded (data from Athens,
Banja Luka, Belgrade, Chisinau, Debrecen, Niksi¢, Skopje, Sofia,
Tirana, Krakéw, and Lisbon).
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Figure 7. PSCF analysis for concentrations higher than the 90th
percentile of dust aerosol in Athens, Belgrade, Debrecen, Lisbon,
Tirana, and Zagreb. The horizontal bar represents the PSCF ratio
(PSCF; ; = Weighti,j xmj j/ng ;).

and the Middle East, for Lisbon western Africa, for Tirana
North Africa, and for Zagreb North Africa. The PSCF re-
sults for the rest of the stations (Ankara, Dushanbe, Vilnius,
Krakéw, Kurchatov, Banja Luka, Chisinau, Niksi¢, Skopje,
Sofia) indicated that their dust aerosol was mainly of local
origin (dust resuspension; please refer to Figs. A6 and A7 in
the Appendix).

In the second step, in order to quantify the dust aerosol
emitted from each geographic grid cell, the Tikhonov regu-
larization was applied to the data from Athens, Belgrade, De-
brecen, Lisbon, Tirana, and Zagreb, excluding negative val-
ues (1320 measurements were used).

In Fig. 7 the PSCF for the 90th percentile for dust aerosol
is presented. In the PSCF subfigure for Tirana two paths can
be seen: in the first path, winds from the Atlantic Ocean
pass over NW Africa and then the Mediterranean Sea, subse-
quently reaching Tirana. In the second path, winds from the
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Figure 8. Dust aerosol Tikhonov regularization and 1° x 1° emis-
sion fluxes for data from Athens, Belgrade, Debrecen, Lisbon,
Tirana, and Zagreb. The vertical bar corresponds to the emission
fluxes of dust aerosol from each geographic grid cell in kg m~2s 1,
The main source area depicted is NW Africa.

Atlantic Ocean pass over NW Africa and then NE Africa and
the Mediterranean Sea, subsequently reaching Tirana. The
second path is by far the prevailing one for the 90th percentile
highest concentrations of dust aerosol for Tirana, as can be
seen in Fig. A3 in the Appendix. It is important to keep in
mind that the residence times depicted correspond to a height
of up to 500 m so as to always be within the boundary layer.
Therefore, while the dust load could be mainly picked up in
both cases in NW Africa, due to longer residence times in
NE Africa, this area could appear as the most probable to be
the one that emits dust aerosol. This could be partly due to
the fact that as the air masses travel over Africa at low alti-
tude, wind speed is reducing due to higher friction over land
in comparison to when they travel over the sea (Atlantic or
Mediterranean). The air masses probably have higher speed
over NW Affrica, and this results in more dust being picked up
in this area. Some dust aerosol could be picked up from NE
Africa, and its origin could also be the Arabian Peninsula.
This path is also evident in Fig. 8, where a weak emission
area is indicated in NE Africa.

While for the PSCF analysis Tirana, Zagreb, and Belgrade
indicate a high probability of NE Africa being a source area,
this is not the case for the Tikhonov regularization result.
In Fig. 8, the result indicates that NW Africa is by far the
most significant dust aerosol source area for the six cities
(Athens, Belgrade, Debrecen, Lisbon, Tirana, and Zagreb)
whose data we used. NE Africa also has a hotspot in Fig. 8,
but its contribution was significantly lower when the data
from these six stations are combined. In the borders be-
tween Mauritania, Algeria, and Mali, the highest emission
fluxes are identified (lat 27°, long —4°), which are as high as
17.6 x 1072 kgm=2s71.

Stohl et al. (2009), referring to halocarbons, state that
inaccuracies in model and data will in general cause their
method to find solutions containing unrealistic negative
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emissions that are larger than expected. In the linear frame-
work, this cannot be prevented directly as positive definite-
ness is a nonlinear constraint. They also suggest an itera-
tion method so that the sum of all negative emissions is less
than 3 %o of the sum of the positive emissions. In our case
with the dust aerosol we allow small negative emission val-
ues (—2.5 x 1072kgm~2s~!) representing higher deposi-
tion velocities than calculated by the FLEXPART deposition
scheme.

In Fig. 9 the comparison between the modeled data using
the Tikhonov regularization solution for dust and measured
concentrations is presented. In this case we have a small
intercept, but still the measured concentration is underesti-
mated by the modeled values.

4 Summary and conclusions

Emission fluxes of secondary sulfate and dust aerosol were
identified and their transport contribution was quantified
based on a dataset including measurements from 16 cities in
Europe and Asia. In the secondary sulfate case, 14 out of the
16 cities were used, as it was only in those that a secondary
sulfate aerosol species was identified through PMF analysis.
In the dust aerosol case, six cities were used as in the rest
of the cities, based on PSCF analysis, dust aerosol was con-
sidered to be of local origin. There was one city whose re-
sults were not used at all (Ankara) and one city whose re-
sults were used only for dust aerosol (Lisbon). Data from
Chisinau, Skopje, Banja Luka, Sofia, Belgrade, Niksi¢, Kur-
chatov, Dushanbe, and Vilnius were only used for the sec-
ondary sulfate aerosol case.

For secondary sulfate, in the case that data from 14 sta-
tions were incorporated, the highest emission fluxes for Eu-
rope were found to be in Poland, eastern Europe, and the cen-
tral and western Balkans. In Asia, the NE area of the Caspian
Sea had the maximum emission flux. Its value was as high as
10x 1072 kgm2s71.

The produced emission flux solutions for secondary sul-
fate are evaluated by comparison to existing emission
maps. The hotspots indicated by the Tikhonov regularization
method appear to have high emission fluxes for OMI-HTAP
and ECLIPSE SO, inventories. The Tikhonov regularization
solutions for secondary sulfate do not cover the multiple sig-
nificant source areas depicted in emission inventories. This
probably relates to the fact that we do not have enough in-
formation with the stations and measurements at hand so
as to have a high-resolution result. However, we expect that
hotspot areas in the Tikhonov regularization solution are the
main areas whose emissions influence the cities in the study.

When the secondary sulfate regularization solution for Eu-
ropean cities excluding Vilnius was applied (data from 11
cities, we excluded Vilnius, Dushanbe, and Kurchatov) to
aerosol masses originating from Vilnius, a relatively good
agreement was found between the modeled and the mea-
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sured values. This indicates the robustness of the method,
as we can acquire a useful approximation to the concentra-
tion of any station for an aerosol species that is mainly trans-
ported, based only on measurements conducted in the greater
geographic area. That holds even for secondary sulfate, an
aerosol component that is not emitted as such but is produced
in the atmosphere from precursor gases several hours after
their release.

The main source area of dust aerosol for Athens, Bel-
grade, Debrecen, Lisbon, Tirana, and Zagreb was NW Africa
(Sahara dust). There was also evident contribution from NE
Africa, but it was significantly lower. The maximum emis-
sion flux was as high as 17.6 x 1072 kgm=2s~!.

The result by the Tikhonov regularization for dust indi-
cates NW Africa as the most significant source area, while
the PSCF results for dust (Fig. 7) demonstrate a high proba-
bility for NE Africa to be a source area too. We consider that
the Tikhonov regularization result is more reliable since wind
speed is expected to be higher in NW Africa, and therefore
more dust aerosol will be picked up by air masses there.

An overall good agreement between the measured and
modeled concentrations for participating cities is not
achieved. It should be noted that the result for dust is bet-
ter than the result for secondary sulfate, as it has a much
smaller intercept and higher coefficient of determination
(Rz) (Figs. 5 and 9). This is probably due to the fact that the
secondary sulfate concentration also depends on atmospheric
chemistry.

The purpose of the development of the new method was to
contribute to the air quality management process. With this
new method, an improved identification of source areas for
the long-range transported aerosol in comparison to PSCF
analysis is achieved. Also, the relative importance of emis-
sion fluxes from each geographic grid cell is classified. This
classification could be compared to existing emission inven-
tories, resulting in possible improvements in the emission
flux calculation algorithms. The new method also provides
an estimate of the magnitude of emission fluxes from each
grid cell. For secondary sulfate, around 60 % of the measured
concentrations magnitude could be reconstructed (Fig. A8a)
based on the deducted emission fluxes, while for dust, ap-
proximately 45 % could be reconstructed (Fig. A8b). This in-
dicates that in this case, the new method significantly under-
estimates emission fluxes and measured concentrations. It is
important to keep in mind though that if data with lower un-
certainty are used, the underestimation would be significantly
lower. Also, additional a priori information could lead to bet-
ter performance of the method. Since we identify the pol-
lutant source area and its relative magnitude and acquire an
estimate of the measured concentrations, we can implement
targeted mitigation measures. This approach can be used for
any pollutant that can be simulated in FLEXPART or any
similar model, without the need for an emission inventory.
Ideally, we would like to implement the new method in com-
bination with chemical transport models so as to improve

Atmos. Chem. Phys., 23, 6941-6961, 2023
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Figure 9. Comparison between the measured dust concentration and the modeled values based on the Tikhonov regularization solution for
Athens, Belgrade, Debrecen, Lisbon, Tirana, and Zagreb. Regression line 42 standard deviations is depicted. The measurement location is

provided in the legend.

mitigation measures impact estimation. We should keep in
mind that the emission fluxes deducted by the new method
are averages over a period of 3 years. Emission fluxes have
seasonal, monthly, weekday, and daily variations in each ge-
ographic grid cell. Therefore, the emission fluxes result de-
rived by Tikhonov regularization can only roughly approxi-
mate the concentrations measured at the cities participating
in the study. Nevertheless, we still have enough information
to plan mitigation measures.

Further work could include the application of the new
method on other aerosol components, like black carbon, so
as to estimate its emission fluxes from each geographic grid
cell.

Atmos. Chem. Phys., 23, 6941-6961, 2023

Appendix A: Results

A1 Secondary sulfate PSCF: cities not included in Fig. 2

Dushanbe indicates the area east of the Caspian Sea (NE
and SE) as a source. Belgrade secondary sulfate mainly
stems from the Eastern Mediterranean. Chisinau indicates
the southern Balkans and Poland as a source. It also indicates
the area in the northeast of the Caspian Sea. Debrecen sec-
ondary sulfate also stems from the Eastern Mediterranean.

We only have 50 measurements from Nik$i¢, and its PSCF
results are not considered statistically significant. From Sofia
we only have 50 measurements, clearly not enough for PSCF
analysis. Tirana indicates a transport path from Ukraine and
central Europe. Kurchatov indicates secondary sulfate source
areas in Siberia, probably related to gas flaring.
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Figure A1. PSCF analysis for secondary sulfate aerosol for concentrations higher than the 90th percentile: Dushanbe, Belgrade, Chisinau,
and Debrecen. The vertical bar represents the PSCF ratio (PSCF; ; = weight; jxmij /nij)-
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Figure A2. PSCF analysis for secondary sulfate aerosol for concentrations higher than the 90th percentile: Niksi¢, Sofia, Tirana, and Kur-
chatov. The vertical bar represents the PSCF ratio (PSCF; j = weight; ; x m; j/n; j).
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A2 Footprint Tirana

In Fig. A3 the residence time in each grid cell (sensitivity of
measurement station to emissions from each grid cell) for a
height of up to 500 m is displayed.

108

107

10t

Figure A3. Tirana residence time in each geographic grid cell for
secondary sulfate aerosol (all filter measurements). The vertical bar
corresponds to seconds of residence time (sensitivity of measure-
ment station to emissions from each grid cell). Air mass transport
up to a height of 500 ma.g.l. is included.

A3 Secondary sulfate Tikhonov regularization solutions
for summer—winter: 14 cities

We observe in Figs. A4 and AS that secondary sulfate aerosol
in Dushanbe has significantly higher values in the winter, in-
dicating influence from domestic heating. In Fig. A4 we also
observe that the hotspot over Poland is reduced in summer.
The other source areas indicate similar values in winter and
summer.
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Figure A4. Secondary sulfate Tikhonov regularization solution for 14 cities (emission fluxes) for summer (a, April to September) and winter

(b, October to March) months. The vertical bar represents the emission fluxes from each geographic grid cell in kg m~2Zs

Atmos. Chem. Phys., 23, 6941-6961, 2023

https://doi.org/10.5194/acp-23-6941-2023



S. Vratolis et al.: A new method for the quantification of ambient particulate-matter emission fluxes 6955

20.0
Slope=0.22, Int=3.17, R?=0.19| = DUSHANBE
17.5 : TIRANA
ZAGREB
15.0 KURCHATOV
"l’E ' © CHISINAU
ATHENS
*g12.5 . . e i SKOPJE
: DEBRECEN |
§ 10.0 BANJA_LUKA
o SOFIA
275 BELGRADE |
2 KRAKOW
5.0y NIKSIC
VILNIUS
2.515¢ .
%%
.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Secondary sulfate aerosol pug * m—3
(a) Summer
20.0 x -
[Slope=0.32, Int=2.67, R2=0.29 = DUSHANBE
17.5 . TIRANA
. . . ©  ZAGREB
15.0 . . KURCHATOV
"l’E ' + CHISINAU
ATHENS
*212'5 SKOPJE
DEBRECEN
§ 10.0 BANJA_LUKA _
o SOFIA
275 BELGRADE
2 KRAKOW
5.0 NIKSIC
- VILNIUS
2.5
0.9, S : :
.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Secondary sulfate aerosol ug * m=3
(b) Winter

Figure A5. Comparison between modeled and measured secondary sulfate aerosol concentration in summer (April to September) and winter
(October to March) months. Regression line +2 standard deviations is depicted. The measurement location is presented in the legend.
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A4 Dust PSCF: cities not included in Fig. 7

In Figs. A6 and A7 we observe that the PSCF analysis at the
90th percentile does not indicate high-emission areas for dust
aerosol.
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Figure A6. PSCF for concentrations higher than the 90th percentile for dust aerosol and for cities not included in Fig. 7. The vertical bar
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A5 Comparison between measured and modeled
values for secondary sulfate and dust aerosol: no
intercept
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Figure A8. Comparison between measured and modeled values based on Tikhonov regularization solutions (no intercept). The solution for
secondary sulfate using data from 14 cities is utilized in (a), while in (b) the dust aerosol emission fluxes for the Tikhonov regularization
solution is used. The regression line -2 standard deviations is also presented. The measurement location is presented in the legend.
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