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Summary

This report describes the work done to assess the potential re-design of the current deposition
monitoring network in Poland. Hierarchical clustering analysis was used to assess the areas (polygons)
with similar deposition patters across the country. This statistical method determines the inherent or
natural groupings of datasets, and/or to provide a summarization of data into groups using different
metrics to assess the (di)similarity. The metrics are based on the correlation, to assess the temporal
similarity, the Euclidean distance, to assess the magnitude similarity, and the combination of both.
The statistical analysis uses measurement data provided by the Chief Inspectorate for Environmental
Protection (GIOS) and modelling data provided by the Meteorological Synthesizing Centre-West (MSC-
W) of the European Monitoring and Evaluation Programme (EMEP) model for acidic compounds and
the GLEMOS model by the Meteorological Synthesizing Centre-East (MSC-E) for the heavy metals.
Additionally, source receptor relationships based FLEXPART backward calculations for deposited
material was calculated.

Analysing the hierarchical clustering results based on the modelled data clearly identified regions that
represent the area of representativeness of a single station (a large number of cells are part of a single
cluster). This means that a single station located within this region will monitor an air mass that is
similar temporally and has similar deposition levels. The methodology has also identified smaller
source areas indicating point/area sources of the compounds analysed. Acidic compounds show a
more homogeneous distribution of the areas representing a single station than metals. The results for
the metals seem to indicate the difference between west-east and north- south, with smaller clusters
south/east part of the country. Thus, indicating a higher number of sources in the south/east part of
Poland. However, independently of the chemical compounds, the results seem to indicate that the
north-west side of the country needs fewer monitoring sites than the south-east part of the country,
independently of the compound.

Analysing the hierarchical clustering results based on the observations show which stations can be
potentially monitoring similar pollution regimes (redundant) and stations that measure unique air
masses. The analysis also points to the need to keep stations monitoring the Polish coast, particularly
for shipping-related pollution. A station in Gdansk seems to have the most variety of air masses and
could be a unique monitoring location (also indicated by the footprint from FLEXPART).

The results based on the modelling (at station location) and measurements show there may be some
discrepancy between the results based on model and observations. This discrepancy may be due to
most of the sites being located at urban background areas when the model does not represent urban
areas accurately, especially runs concerning metals (~40km resolution).
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Hierarchical Clustering and Dissimilarity Polygon Analyses

Optimizing the Polish Deposition Network

1 Hierarchical clustering as data analysis methodology

Hierarchical clustering is a well-established statistical method to determine the inherent or natural
groupings of datasets, and/or to provide a summarization of data into groups. Hierarchical clustering
compares data to determine how they differ (a type of dissimilarity analysis). The data may be the
time series of observations (measured at monitoring stations) or predictions from an air-quality
model. Each time series is compared to every other time series, record-wise (see Figure 1), meaning
that every record of a pair of time series is compared using a "dissimilarity metric". It has been
demonstrated that a combination of metrics can be beneficial for optimizing monitoring networks.

The dissimilarity metrics are:
(1) 1-R, where R is the Pearson correlation coefficient (Eq 1.) (Galmarini and Solazzo, 2015);

(2) the Euclidean distance (EuD, Eq 2.) (Soares et al, 2018b);
(3) The combination of both ((1-R) x EuD, Eqg. 3).

Figure 1: Comparison between two time series, record-wise. To aid in the understanding of
Eq.1,2and3.

_ Yi(ej—me) (q;—my)
(1)
JEiG - mo?E - my?

EuD.q = Z(c]- —q;)? (2)
j

(1=R) XEuD.y = (1 —1,4) X EuD;q  (3)

The metric based on correlation (1-R) assesses dissimilarities associated with the changes in the
temporal variations in concentration, while the metric based on the Euclidian distance (EuD) assesses
dissimilarities on the basis of the magnitude of the observations over the time period of the analysis.
Soares et al. (2018a) has shown that the multiplication of these two metrics - (1-R) x EuD - allows
simultaneously assessing correlations in terms of time variation and pollution levels, providing the
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most comprehensive results for assessing air quality monitoring networks. The report will focus the
analysis on the combined metric.

The hierarchical clustering analysis is an iterative process. The first step of the analysis consists of
producing a dissimilarly matrix cross-comparing every single time series (observation or modelled
results) available. This matrix results from calculating the metrics based on the available data, where
each possible pair of time series will be compared record-wise. The next step is to identify the pair
with the highest similarity level and re-evaluate the dissimilarity matrix for all remaining stations/grid-
cells. The re-evaluation is done by averaging the latest cluster and the remaining stations/grid-cells'
dissimilarity. The averaging method is the general averaging method of Naes et al. (2010). The process
is iterated until all the stations/grid-cells have been paired. This iterative pairing process results in a
"cluster" of similarity that includes the different stations/grid-cells. Initially, every single station/grid-
cellis considered a single cluster. As the hierarchical clustering process goes on, the number of clusters
is reduced. The process is completed when all stations/grid-cells have been clustered in a single
cluster.

The outcome of the methodology indicates the (dis)similarity of stations/grid-cells, at a certain level
of the chosen metric, across the whole data set. The higher the dissimilarity level between a
station/grid-cell or cluster of sampling points/grid-cells, the more dissimilar those pairs are. The
dissimilarity level value depends on the metric chosen. The values calculated based on the correlation
metric can vary from 0 to 2, with values over 1 meaning that the time series anti-correlate. The values
for the other two metrics range from zero to a value that strongly depends on the average deposition
levels and the number of records analysed. The outcome of the analysis also strongly depends on the
quality of the reported data, so that random errors in the observations can potentially change the
results (Soares et al., 2018).

The methodology provides different results depending on the underlying data. Here in this report, we
present:

(1) dendrograms based on observations to discuss the similarity of stations currently monitoring
deposition;

(2) spatial distribution of the group of stations based on the dendrograms;

(3) ranking of stations based on the dendrograms;

(4) maps of dissimilarity regions (clusters) based on modelling results. The methodology
assumes that every single grid cell of the model domain is a potential station location. Thus,
the regions shown in the maps are areas of representativeness of a single station.

These means of showing the results are described in the subsections below.

1.1 Station dissimilarity

Hierarchical clustering results are often displayed as dendrograms (see Figure 2) — these are diagrams
that track the value of the dissimilarity metric as each data record becomes part of a cluster.
Dendrograms show the pattern of linkages between the data series while clustering occurs and their
level of dissimilarity. Dendrograms thus resemble the root system of a tree, with the most similar
stations forming the lowest level of the smallest roots, and the two least similar clusters being linked
at the top of the diagram as the trunk of the tree. Vertical lines on the dendrogram represent the
difference in the level of dissimilarity between consecutive stages of clustering. The horizontal lines
show which time series or clusters of time series have been linked at a given level of the dissimilarity
metric.
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The dendrograms allow assessing how stations group in terms of similarity quickly. Another outcome
of the analysis of dendrograms is to visualise how these groups are distributed spatially. We can
request to "cut" the dendrogram across and see how many stations are linked together and map those
stations colour-codded according to the cluster they fall into.

Since the clustering process is tracked (which stations clusters at which level of dissimilarity), the
methodology allows ranking of the stations based on their degree of dissimilarity. The stations which
join at the lowest values of the dissimilarity metric are the most similar, those with the highest values
of the dissimilarity metric when joining a cluster are the least similar. The stations with the most
similar records are potentially more redundant or the first stations considering relocation. The stations
with the least similar records should be considered to maintain in the same location.

Note that the dendrograms depend on the individual chemical or parameter that was clustered;
potential redundancies for one chemical at one station may not be the same as for another chemical
at the same station. Depending on the purpose of the optimization, each chemical can be analysed
separately or by combining different chemicals. Either way, the purpose of the methodology is to
determine whether there are stations that may be redundant and/or extraneous and whether there
are gaps in the monitoring.

We offer a simple example (see Figure 2) to better understand the methodology applied.

Station | 1 2 3 Clusters at 1R = 0.2

1-R 4
1 0 05 04 05 ——
2 0.5 0 0.1 bk € (2) The cluster of stations 2 and
s - 3int lusty ith station 1 at 1-
3 04 0.1 0 E Rrg oir‘r;c uster with station 1 a
E 0.3 =t ®
g 5o ..
Station | 1 23 g
1-R B 0d=]— I__l & (1) Stations 2 and 3
1 0 0.45 cJusterataﬂ‘—cl'?ni Oin
2,3 0.45 0 a) 1 2 3 b)

Figure 2: Example of clustering of three stations: supporting tables to establish the dissimilarity
between the stations (left); a) dendrogram and b) map of spatial distribution of clusters.

In this example, data for three different hypothetical stations are collected. The values of 1-R are
calculated between each pair of station records to measure their level of dissimilarity. The data from
stations 1 and 2 have a 1-R value of 0.5, stations 1 and 3 have a 1-R value of 0.4, and stations 2 and 3
have a 1-R value of 0.1. The lowest level of dissimilarity is thus between stations 2 and 3, and they are
combined to become the first cluster, at a 1-R level of 0.1 (a horizontal line joins stations 2 and 3 in
the dendrogram of Figure 2). The averages of 1-R between this cluster and the other stations are then
calculated; in this case (0.5 + 0.4)/2 = 0.45, the second table of Figure 2.1. Stations 2 and 3 thus cluster
at 1 — R of 0.1, and the remaining station, 1, clusters at 1-R of 0.45. The second horizontal line of the
diagram portion of Figure 2.1 shows the connection between the initial cluster between stations 2 and
3 and the final cluster with station 1. The result is a 3 station dendrogram (Figure 2).

In conclusion, the station dissimilarity analysis's main outcomes are the dendrograms and tables of
relative rankings of the (dis)similarity between station records. Maps with the station's location and
distribution of the clusters at a certain level of dissimilarity can also be provided.
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1.2 Modelled Dissimilarity Regions

Hierarchical clustering of air quality model output (Soares et al., 2018a,b) is used to map the degree
of dissimilarity in predicted values across all or part of the model's gridded domain. Each model grid
cell is treated as a potential station location, and the analysis otherwise proceeds identically to the
observation station application described above. At a given level of the clustering metric, the model
grid-cells contained within each cluster are equally similar. A map of these clusters, colour-coded by
cluster, thus shows regions over which a single monitoring station would be able to represent the
entire region, to the value of the clustering metric used. Hence, two points within different regions
are dissimilar, and two points within the same region are similar.

These dissimilarity maps are thus mapping the area of representativeness of a certain number of
stations defined a priori, based on a number that an expert judgment considers sustainable for a
monitoring network. Since the number of regions is user-defined, the statistical similarity within a
region (or dissimilarity between regions) presented here is relative, as opposed to representing an
absolute threshold of similarity.

A region containing multiple stations indicates the potential for redundancy, and hence provides a
focus for discussion, while additional information is needed to determine the extent to which stations
are truly redundant and/or extraneous. Regions that contain multiple stations suggest possible
redundancy since these stations have relatively similar simulated depositions. In contrast, regions
containing no stations suggest an area that could be a monitoring gap. This form of analysis thus
provides information on the extent to which existing monitoring network stations are spatially
representative of the region around them. The analysis also identifies potential gaps in an existing
monitoring network, as model-generated clusters containing no current monitoring stations.

Note that the regions depend on the individual chemical or parameter that was clustered; potential
redundancies for one chemical at one station may not be the same as for another chemical at the
same station.

1.3  Source receptor relationships based FLEXPART backward calculations for deposited
material

The Lagrangian particle dispersion model FLEXPART version 10.4 (Pisso et al., 2019) was used to obtain
source-receptor relationships (SRRs) for some of the background stations located in different regions.
FLEXPART calculates transport of virtual particles using mean winds and random motions representing
turbulence. For sub-grid-scale moist convective transport, FLEXPART uses the scheme of Emanuel and
Zivkovic-Rothman (1999), as described in Forster et al. (2007). As meteorological input, the
operational meteorological data of the European Centre for Medium Range Weather Forecasts
(ECMWF) was ingested into FLEXPART for this study. We used the reanalysis data at a resolution of
1° x 1°, every 3 hours, and with 138 vertical levels.

For the year of 2019 we performed monthly backward simulations from each location, using
FLEXPART's capacity to quantify SRRs between emissions and deposition in backward mode (Eckhardt
et al, 2017). This method was already used in several studies for the quantitative interpretation of ice
cores (McConnell et al., 2019). One backward simulation for dry and one for wet deposition was run
for each month using 500 000 particles for wet deposition. The particles were traced backward in time
for 20 days. The wet scavenging scheme uses three-dimensional fields of the cloud water content and
precipitation data from the re-analysis and distinguishes between in-cloud and below-cloud
scavenging. Similar to the widely used backward mode for atmospheric concentrations (e.g. Seibert
and Frank, 2004), we obtain spatially resolved emission sensitivities (Eckhardt et al., 2017). The



NILU rapport 27/2023

emission sensitivities (i.e., source-receptor relationships, SRR), written out on a three-dimensional
grid, represent the deposition at the receptor (ug/m2/s) that would result from a unit emission of
1 kg/s in a respective model grid cell. The output grid had a resolution of 1°x1” and the lowest level
(often called the footprint layer) extended from the surface to 100 m a.g.l., as most emissions occur
near the surface. Deposition fluxes at the receptor are then obtained by multiplying the SRR with the
spatially resolved fluxes taken from a suitable emission inventory (ECLIPSE V6) and integrating the
product over the entire globe. In our analysis we used monthly SRRs in combination with sulphur
containing emissions.

2 Observational and model data used in the assessment

The analysis was applied to gridded output from an air quality model, to generate dissimilarity regions
as a screening tool for identifying potential redundancies and gaps in the current deposition network.
The deposition data available was estimated by the air quality model run by the Meteorological
Synthesizing Centre-West (MSC-W) of the European Monitoring and Evaluation Programme (EMEP)
model (Simpson et al., 2012) for acidic compounds and the GLEMOS model employed by the
Meteorological Synthesizing Centre-East (MSC-E) for the heavy metals (Travnikov et al, 2017). Both
models simulate meteorology, emissions of numerous air pollutants, pollutant transport/dispersion,
atmospheric chemistry, and atmospheric deposition in three dimensions. Both models have been
evaluated against deposition observations, with the latest evaluation reported in (MSC-W & CCC,
2021; Klein et al, 2021; llyin et al., 2021; Strizhkina et al., 2021).

The data available was retrieved from the MSC-W (2022) and MSC-E (llyin et al., 2022) and the time
period considered spans from 2015 to 2019 to accommodate meteorology variability on the
deposition levels (as discussed in a joint meeting on February 24th, 2022) . The modelling results
available for the analysis are described in Table 1.

The observational data used int the analysis comprise of data measured between 2015 and 2019 at
24 stations: 22 from the Chemistry and Precipitation Network and two from the suburban and rural
background network. Table 2 describes the stations with data available for this analysis. Note that
the data availability extends the period here analysed but decided to assess for the same time
period as the modeling data, as agree on the joint meeting held on March 17th, 2022.

Table 1:  Ddata description.
source Type Compounds Time resolution  Spatial resolution
oxidized sulfur (S02, SO4)
oxidized nitrogen (NO2,

TS Model PAN, HNO3, HONO, NO3) 2015-2019 ;li;%pfo
Gridded reduced nitrogen (NHS3, Monthly B
NH4)
Model 2015-2019 Europe
MSC-E Gridded Cl, Hg, Pb Monthly 0.4x0.4°
+2 + +2 +2 +
GIOS Observations, EO:/I LZN::;Z ca”, I, 2015-2019 Poland
24 stations » VB Monthly

10
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Table 2 station list used in this analysis. Stations where observations are available, or footprint runs are available are described in the last two columns.

network Name of the locality Station name maps /ndaer::::grams UE code Y WGS84 X WGS84 area observations footprint

precipitation Biatystok Chemizm-Biatystok Bialystok Biatystok 53.100000 23.166667 urban X

precipitation Chojnice Chemizm-Chojnice Chojnice Chojnice 53.716667 17.533333 urban X

precipitation Gdansk Chemizm-Gdansk_Swibno GdanskSwibno Gdansk 54.333667 18.934306 urban X

precipitation Wiiﬁ(r;sgski Chemizm-Gorzéw Wikp. GorzowWlkp Wiiﬁ(zs(‘)"l’ski 52.750000 15.283333  urban X

precipitation Kalisz Chemizm-Kalisz Kalisz Kalisz 51.783333 18.083333 urban X

precipitation Zakopane Chemizm-Kasprowy Wierch KasprowyWierch Zakopane 49.233333  19.983333 rural X X

precipitation Katowice Chemizm-Katowice Katowice Katowice 50.233333  19.033333 urban X

precipitation teba Chemizm-teba Leba teba 54.750000 17.533333 suburban X X

precipitation Legnica Chemizm-Legnica Legnica Legnica 51.200000 16.200000 urban X

precipitation Lesko Chemizm-Lesko Lesko Lesko 49.466667 22.350000 urban X

precipitation Nowy Sacz Chemizm-Nowy Sacz NowySacz Nowy Sacz 49.627167 20.688611 urban X

precipitation Olsztyn Chemizm-Olsztyn Olsztyn Olsztyn 53.766667 20.416667 urban X

precipitation Poznan Chemizm-Poznan Poznan Poznan 52.416667 16.850000 urban X

precipitation Racibérz Chemizm-Racibérz Raciborz Racibérz 50.050000 18.200000 urban X

precipitation Sandomierz Chemizm-Sandomierz Sandomierz Sandomierz  50.700000 21.716667 urban X

precipitation Karpacz Chemizm-Sniezka Sniezka Karpacz 50.736389 15.739722 rural X X

precipitation Sulejow Chemizm-Sulejow Sulejow Sulejéw 51.350000 19.866667 urban X

precipitation Suwatki Chemizm-Suwatki Suwalki Suwatki 54.133333  22.950000 urban X

precipitation Swinoujécie Chemizm-Swinoujscie Swinoujscie Swinoujécie  53.916667 14.233333 urban X

precipitation Torun Chemizm-Torun Torun Torun 53.050000 18.583333 urban X

precipitation Wtodawa Chemizm-Wtodawa Wlodawa Wtodawa 51.550000 23.533333 urban X

precipitation Zielona Gora Chemizm-Zielona Géra ZielonaGora Zielona Géra  51.933333 15.533333 urban X
suburban and rural background Zielonka Bory Tucholskie Zielonka PLOO77A 53.662136 17.933986 rural X
suburban and rural background Jarczew IMGW-Jarczew Jarczew PLOOO2R 51.814367 21.972375 rural X X
suburban and rural background Diabla Géra KMS Puszcza Borecka PuszcaBorecka PLOOO5R 54.124819 22.038056 rural X

ZMSP-IMNE Karkonosze KARKONOSZE Karkonosze 14ZM 50.790699 15.5121 rural X

ZMSP-IMNE Parseta PARSETA Parseta 06ZM 53.778999 16.4974 rural X

11
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name in

network Name of the locality Station name maps/dendrograms UE code Y WGS84 X WGS84 area observations footprint

ZMSP-IMNE Wolin WOLIN Wolin 11ZM 53.946899 14.4756 rural X
ZMSP-IMNE Kampinos KAMPINOS Kampinos 08zZM 52.285801 20.454399 rural X
ZMSP-IMNE tysogory LtYSOGORY tysogory 09ZM 50.8619 21.052799 rural X
ZMSP-IMNE Puszcza Borecka PUSZCZA BORECKA Puszcza Borecka 01ZM 54.125099 22.038099 rural X
ZMSP-IMNE Poznan-Morasko ROZANY STRUMIEN Poznan-Morasko 13zM 52.463001 16.941401 urban

ZMSP-IMNE Roztocze ROZTOCZE Roztocze 12ZM 50.590801 22.9979 rural

ZMSP-IMNE Wigry WIGRY Wigry 05ZM 54.060902 23.0135 rural X
ZMSP-IMNE Koniczynka KpKoniczynka Koniczynka 07ZM 53.080601 18.684 rural X
ZMSP-IMNE Szymbark MpSzymbaGorl Szymbark 10ZzM 49.633499 21.1166 rural X
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3 Results

A hierarchical clustering analysis using the (1-R) x EuD metric was performed based on deposition data
from 2015 to 2019 for the compounds listed in Table 1 and cover the whole Polish territory. In Annex
1, we include the same results for the two metrics separately, 1-R (Eq. 1) and EuD (Eq. 2), for
interpreting how the temporal and magnitude variation individually influence the outcome presented
in this Section. Note that the metrics are calculated for every pair of stations/grid-cells available, where
every single record (monthly deposition) of the time series is compared between the pair applying
Eq. 3.

The results presented here include:

(1) regions (clusters) representing the area where a single station can be located. Within that
region, the station should be measuring similar temporal and magnitude variation. These
regions are based on modelled monthly deposition.

(2) deposition maps showing the average of the modelled (MSC-W) monthly deposition for 5-
years.

(3) station dissimilarity assessment based on dendrograms and a relative ranking of stations
considering the level of dissimilarity the stations are clustering at. The station dissimilarity
assessment is based on the monthly mean deposition observations.

(4) Monthly analysis of source regions for deposited sulfate and their seasonal variability.
Combination of those with a SO, emission inventory to show the most relevant sources for
different stations.

3.1 Modelled regions (clusters): regions representing the areas of representativeness of
a single station

The regions are mapped and shown in the following subsections. The maps provide the areas
representing the spatial representativeness of a single station across Poland based on the temporal
and magnitude variation of modelled deposition across Poland.

As discussed in a joint meeting on February 24th, 2022, an expert judgment on the number of stations
considers somewhere between 21 and 25 stations for a deposition monitoring network in Poland a
reasonable number of stations. For the sake of consistency and clarity, this report depicts only the
minimum number regions indicating the areas of representativeness of a single station. The figures
and tables for the maximum are presented in Section A.1 in the Annex. The minimum and maximum
maps based on the temporal and magnitude variation separately are available in Section A2 and A3 in
Annex, respectively.

The maps are overlayed with the station location described in Table 2. The decision to overlaying
ZMNE-INE stations on the map is because these stations are located in rural areas, whereas most of
the stations with observations available for the analysis describe urban background deposition. A table
describing the region (cluster) where a station is located is also provided to aid in the assessment. Note
that some stations are right at the edge of the region's boundaries. Thus, the uncertainty related to
the cluster where they fall into is higher.

The mapping of the regions (clusters) can be cross-compared with the 5-year monthly deposition
average maps based on the modelling results, especially to locate potential source areas.
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3.1.1 SOx deposition

areas of spatial representativiness for 21 stations measuring DEP_SOX
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Figure 3: Areas of spatial representativeness for 21 stations measuring SOx deposition.
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Figure 4: Average SOx monthly deposition between 2015 and 2019 (plotted in logarithmic scale).

15



Table 3:
monitoring stations listed in Table 2.

NILU report 27/2023

Cluster information based on the results presented in Figure 3 and Figure 26 for the

21 regions

name

1

Chojnice

GorzowWIlkp

Parseta

Wolin

Poznan

Torun

ZielonaGora

Poznan-Morasko

Zielonka

Leba

Kalisz

Sniezka

Swinoujscie

Karkonosze

Legnica

Raciborz

Sandomierz

Lysogéry

Bialystok

GdanskSwibno

Olsztyn

Suwalki

PuszcaBorecka

Puszcza Borecka

IO VIV VLV VLIV V(N oo U ul ol O B WININNNR R R

Wigry

Koniczynka
10 KasprowyWierch
10 Katowice
10 NowySacz
11 Kampinos
12 Sulejow
12 Jarczew
17 Lesko
17 Szymbark
20 Wlodawa
20 Roztocze
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3.1.2 OXN deposition

NILU report 27/2023

areas of spatial representativiness for 21 stations measuring DEP_OXN
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Figure 5: Areas of spatial representativeness for 21 stations measuring OXN deposition.
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Figure 6: Average OXN monthly deposition between 2015 and 2019 (plotted in logarithmic scale).
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Table 4:
monitoring stations listed in Table 2.
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Cluster information based on the results presented in Figure 5 and Figure 27 for the

21 regions name
1 GorzowWIlkp
1 Poznan
1 Torun
1 Parseta
1 Kampinos
1 Poznan-Morasko
2 Wolin
3 Leba
4 Kalisz
4 Legnica
4 Sniezka
4 Sulejow
4 Swinoujscie
4 ZielonaGora
4 Karkonosze
5 Chojnice
5 GdanskSwibno
5 Zielonka
5 Koniczynka
6 Katowice
6 Raciborz
10 KasprowyWierch
10 NowySacz
10 Szymbark
11 Sandomierz
11 Lysogdry
12 Bialystok
12 Olsztyn
12 Suwalki
12 PuszcaBorecka
12 Puszcza Borecka
12 Wigry
15 Wlodawa
15 Jarczew
17 Lesko
20 Roztocze

19



NILU report 27/2023

3.1.3 RDN deposition

areas of spatial representativiness for 21 stations measuring DEP_RDN
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Figure 7: Areas of spatial representativeness for 21 stations measuring RDN deposition.
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Figure 8: Average RDN monthly deposition between 2015 and 2019 (plotted in logarithmic scale).
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Table 5:
monitoring stations listed in Table 2.
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Cluster information based on the results presented in Figure 7 and Figure 28 for the

21 regions

name

1

Chojnice

GdanskSwibno

GorzowWIlkp

Poznan

ZielonaGora

Zielonka

Parseta

Wolin

Poznan-Morasko

Koniczynka

Kalisz

Legnica

Olsztyn

Raciborz

Sniezka

Sulejow

Swinoujscie

Karkonosze

Kampinos

Leba

Torun

Katowice

Lesko

Sandomierz

Wlodawa

Lysogdry

Roztocze
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3.1.4 (Cd deposition

areas of spatial representativiness for 21 stations measuring Cd
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Figure 9: Areas of spatial representativeness for 21 stations measuring Cd deposition.
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Figure 10: Average Cd monthly deposition between 2015 and 2019 (plotted in logarithmic scale).
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Table 6:
monitoring stations listed in Table 2.
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Cluster information based on the results presented in Figure 9 and Figure 29 for the

21 regions

name

1

Chojnice

GdanskSwibno

GorzowWIlkp

Kalisz

Leba

Legnica

Poznan

Sniezka

Swinoujscie

Torun

ZielonaGora

Zielonka

Parseta

Wolin

Poznan-Morasko

Koniczynka

Karkonosze

Katowice

Sandomierz

Lysogéry

Roztocze

Raciborz

Olsztyn

Sulejow

PuszcaBorecka

Kampinos

Puszcza Borecka
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3.1.5 Hg deposition

areas of spatial representativiness for 21 stations measuring Hg
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Figure 11: Areas of spatial representativeness for 21 stations measuring Hg deposition.

26



NILU report 27/2023

eba
]

541 B

eoParseta #0lsztyn

lChgjﬂgﬁ)nka

‘;&Qﬁiczynka oBialys
A
o GorzowWlkp

- Hg (mg/m2)
n-Morasko

FEEER _ 0.93

¢ Kampinos 07

) 0.47

o ZielonaGora
oKalisz eJarczew
0.23

I eSulejow

elegnica
eLysogory

o Sandomierz
o Roztocze

L ]
eRaciborz

o NoyySayrabark .
gleske

lon

Figure 12: Average Hg monthly deposition between 2015 and 2019 (plotted in logarithmic scale).
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Table 7:
monitoring stations listed in Table 2.
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Cluster information based on the results presented in Figure 11 and Figure 30 for the

21 regions

name

1

Chojnice

GdanskSwibno

GorzowWIlkp

Kalisz

Legnica

Poznan

Swinoujscie

Torun

ZielonaGora

Zielonka

Parseta

Wolin

Poznan-Morasko

Koniczynka

Leba

Raciborz

Sniezka

Karkonosze

KasprowyWierch

Lesko

NowySacz

Szymbark
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3.1.6 Pb deposition

areas of spatial representativiness for 21 stations measuring Pb
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Figure 13: Areas of spatial representativeness for 21 stations measuring Pb deposition.

29



55

(YediDjscie

Parseta - Olsztyn
[
‘Ch.%é?gn ka -

J&Qﬁu{czyn ka
o« SorzowWikp

’,g’%}?r’l—Morasko

@Kampinos 360
T 52- @ ZielonaGora

240
eialisz

120
eJarczew

eSulejow
elegnica
51 -
el ysogory
@ Sandomierz
aRoztocze
wice
\ ( ’ Raciborz
504 e R LU S I |
A )
/ .
AT L b .
;( o #‘ B
P 4
\ E
Lo "
L A% 4 .
" B il 7 N
49 M 1 s, . vz o
14 16 18 20 22

24
lon

Figure 14: Average Pb monthly deposition between 2015 and 2019 (plotted in logarithmic scale).
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Table 8:
monitoring stations listed in Table 2.
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Cluster information based on the results presented in Figure 13 and Figure 31 for the

21 regions

name

1

Chojnice

GdanskSwibno

GorzowWIlkp

Leba

Olsztyn

Torun

Zielonka

Parseta

Wolin

Koniczynka

Kalisz

Legnica

Poznan

Swinoujscie

ZielonaGora

Poznan-Morasko

Raciborz

Sniezka

Karkonosze

Katowice

NowySacz

Szymbark

Bialystok

Sulejow

Suwalki

PuszcaBorecka

Kampinos

Lysogory

Puszcza Borecka

Wigry

KasprowyWierch

NN o|lololoo|oloounulbdlw w w NN NNNR R RIR R RIRIRIR
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=
=
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=
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N
o
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3.2 Station dissimilarity analysis (dendrograms)

A hierarchical clustering analysis using the (1-R) x EuD metric was performed based on deposition data
described in Table 1. The dendrograms show the relation between the observational time series
available for this analysis, and the maps depict the six main groups of stations (location and which
cluster they fall into) defined by the clustering process and represented via the dendrogram.
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3.2.1 S04 deposition
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Figure 15: Dendrograms based on the SO4 deposition and mapping of the main six groups of stations
(cluster colour-codded).
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3.2.2 NH4 deposition
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Figure 16: Dendrograms based on the NH4 deposition and mapping of the main six groups of stations
(cluster colour-codded).
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Figure 17: Dendrograms based on the Ca deposition and mapping of the main six groups of stations

(cluster colour-codded).
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3.2.4 Cldeposition
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Figure 18: Dendrograms based on the Cl deposition and mapping of the main six groups of stations
(cluster colour-codded).
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Figure 19: Dendrograms based on the Na deposition and mapping of the main six groups of stations
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3.2.6 K deposition
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3.2.7 H*deposition
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3.2.8 Mg?** deposition
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3.2.9 Relative ranking of stations

One of the main outcomes of the analysis is an ordering or ranking of stations, according to the degree
of similarity of their observation records. Absolute thresholds for redundancy cannot be generated
since the relative rankings depend on the available observation data (number of stations and chemical
species observed). The analysis thus does indicate the relative ranking of monitoring record similarity,
which can be used as one of the inputs for network optimization decision making by identifying stations
that may show unique characteristics (top of the ranking — station clustered at a high level of
dissimilarity) or may be measuring similar features (bottom of the ranking- station clustered at low
levels of dissimilarity). It is also an easier way to cross-compare different parameters to be considered
in the analysis.

Table 9:  Relative ranking of stations based on the level of dissimilarity based on the clustering
analysis.
Ca Na K cl H+ Mg S04
Swinoujscie Wlodawa Olsztyn NowySacz Swinoujscie Poznan Wlodawa
Wlodawa Raciborz Katowice Sandomierz Poznan Swinoujscie Raciborz
Torun Swinoujscie ZielonaGora Raciborz Suwalki Torun Sniezka
Leba Sniezka Swinoujscie Sniezka Torun Sniezka Leba
Sniezka KasprowyWie Poznan Wlodawa Lesko Sulejow Torun
Suwalki NowySacz Sulejow Torun NowySacz Lesko Lesko
Katowice Sandomierz PuszcaBorec Katowice Sandomierz Raciborz Suwalki
Sulejow Lesko Raciborz Kalisz KasprowyWie Sandomierz Katowice
Raciborz Sulejow NowySacz Sulejow ZielonaGora Leba NowySacz
Poznan Poznan Sniezka Olsztyn Sniezka Jarczew Poznan
NowySacz ZielonaGora Legnica Legnica Wlodawa Katowice ZielonaGora
ZielonaGora Katowice GorzowWlkp Jarczew Kalisz Wlodawa Jarczew
PuszcaBorec Leba Suwalki Lesko Legnica PuszcaBorec GorzowWIlkp
Olsztyn Suwalki Torun KasprowyWie Olsztyn Olsztyn Legnica
Legnica Torun Wlodawa Leba Sulejow GdanskSwibn Swinoujscie
Jarczew Kalisz Lesko Poznan Jarczew Kalisz Sandomierz
Sandomierz GorzowWlkp KasprowyWie Swinoujscie Katowice Legnica KasprowyWie
Kalisz Jarczew Jarczew GorzowWIlkp GorzowWIlkp  KasprowyWie Olsztyn
GdanskSwibn PuszcaBorec Sandomierz Suwalki PuszcaBorec Suwalki Sulejow
Lesko Olsztyn GdanskSwibn PuszcaBorec Leba ZielonaGora Kalisz
KasprowyWie  GdanskSwibn Leba ZielonaGora Raciborz NowySacz PuszcaBorec
GorzowWlkp Legnica Chojnice GdanskSwibn  GdanskSwibn GorzowWIlkp  GdanskSwibn
Chojnice Chojnice Kalisz Chojnice Chojnice Chojnice Chojnice
Bialystok Bialystok Bialystok Bialystok Bialystok Bialystok Bialystok

3.3 Source receptor analysis for selected stations for deposited SOx

With this analysis we investigate which emission region will potentially influence specific stations of
the network. Depending on the location of the station, but also on the seasonality of the data, this
so-called footprint maps will show different patterns of air masses influencing the station. The
analysis is similar to a trajectory analysis, but performed with a model which can quantitatively
calculate deposited mass in backward mode (FLEXPART). First, we performed an analysis for finding
the source regions of air masses containing later deposited material for background stations in

cluster 1, 5,9 and 17 (see Table 3). Independently of the cluster, it can be seen that the sources near

to the station have the largest influence over the station (red colour). Clusters 1 and 5 potentially
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receive air masses from the west, while clusters 9 and 17 receive air from the east and also from the
south.

S0x - cluster: 1

4.00 800 16.00 3200 64.00 128.00 256.00 512.00
2
]

Averaged emission sensitivity [ns m”

Figure 23: Residence time of air masses which lead to deposition at the stations in the NE, SE, NW and
SW of Poland.

If not annual averages, but monthly footprints are considered, it can be seen that the transport
patterns during e.g., April and October are significantly different. The relevant source regions are
mainly over Poland in April, while in October are in the Czech Republic.

SOx - cluster: 5 Month: 10

4.00 8.00 16.00 32.00 64.00 128.00 256.00 512.00

Averaged emission sensitivity [ns m™?

]

Figure 24: Residence time of air masses that lead to deposition at the stations in the SW of Poland, but
for different months. The left panel shows the SRR for April, while the right panel shows the
SRR for October.
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Figure 25: Same as Fig 24, but this shows the emission contribution when using the ECLIPSE SO2
inventory.

Investigating which emissions sources are important for which cluster shows clearly, that the emission

within Poland is dominating the observed deposition fluxes at the stations. However, for cluster 5 and
partly for cluster 17, Czech and Slovakian emissions also play a role.

42



NILU report 27/2023

4 Analysis of the clustering results

4.1 Areas of representativeness of a single station

Analysing the hierarchical clustering results based on the modelled data has provided us several
insights. The results are different depending on the pollutant, as the different compounds have
different sources and seasonality. However, the methodology has clearly identified regions that
represent the area of representativeness of a single station (a large number of cells are part of a single
cluster). This means that a single station located within this region will monitor an air mass that is
similar temporally and has similar deposition levels. The methodology has also identified smaller
source areas, typically a cluster comprised of 1 to 10 grid-cells, indicating point/area sources of the
compounds analysed. These source areas are clearly seen for higher resolution runs (acidic
compounds), especially if there are larger clusters surrounding a few-grid-cells region.

The results show that SOx, OXN, RDN show a more homogeneous distribution of the areas representing
a single station than Cd, Hg, Pb results. The results for the metals seem to indicate the difference
between west-east and north- south, with smaller clusters south/east part of the country. Thus,
indicating a higher number of sources in the south/east part of Poland. However, independently of the
chemical compounds, the results seem to indicate that the north-west side of the country needs a
lesser degree of monitoring than the south-east part of the country, independently of the compound.
These results are supported by the mapping of 25 regions (Section A.1 in the Annex) and the deposition
maps show in the subsections of Section 3.1: i) the mapping of 25 regions shows that bigger clusters
are broken into smaller ones, mainly in the south-east of Poland; ii) the depositions maps clearly show
the location of the emission sources responsible for the deposition levels. Note that the deposition
maps complement information to understand how the grid-cells clustered have clustered, e.g., source
location indication. However, the map can only be compared to a certain extent, as it represents the
average of monthly means over a 5-year period (average deposition maps); the clustering analysis
results considers every single monthly average for the 5-year period. Hence, the clustering analysis
results consider the seasonal variations across the time period.

The table below shows how many stations are located per cluster for the different compounds for 21
regions. It shows several regions with two or more stations, and some have none. However, this is due
to the grid-cells where sources are located showing as a cluster. Nevertheless, there are clusters, in
particular in central and east Poland, that are not covered by the stations with observations included
in this analysis.
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Table 10: Cluster information based on the results presented in Figure 3, Figure 5, Figure 7, Figure 9,
Figure 11, and Figure 13.

cluster SOx OXN RDN Ccd Hg Pb
1 3 3 6 11 9 7
2 3 1 0 0 1 4
3 0 1 0 0 1 2
4 1 5 6 0 1 1
5 2 2 1 0 3 2
6 1 2 0 2 0 4
7 1 0 1 1 0 1
8 1 0 0 3 1 0
9 5 0 4 1 0 0
10 3 2 0 0 0 0
11 0 1 1 1 1 1
12 2 4 0 0 3 0
13 0 0 0 0 0 0
14 0 0 1 2 1 0
15 0 2 0 0 0 1
16 0 0 1 1 0 0
17 1 1 2 0 1 0
18 0 0 0 0 1 0
19 0 0 0 1 0 0
20 1 0 1 1 1 1
21 0 0 0 0 0 0

4.2 Station dissimilarity analysis based on observations

As expected, the dendrograms give very different information depending on the parameters we are
analysing. It might be useful to analyse it individually if any of the parameters becomes the driver of
the optimization. Since there was no preferred parameter (compound), it is easier to use the relative
ranking for the analysis to examine the dissimilarity of the stations depending on the measured
compound.

Considering the number of stations with observations available for the analysis, we have chosen to
look at the bottom/top five stations of the relative ranking. This allows to cross check the stations that
measure different compounds. Here the word network is to assume that currently the network is
comprised of the stations that we have observation for the analysis.
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Table 11: Highlighting the stations that seems to be most similar across the results for individual

pollutants.
Ca Na K cl H+ Mg S04 NH3-N
Swinoujscie Raciborz Swinoujscie Raciborz Sniezka Wlodawa Wlodawa Sniezka
Wilodawa Torun Olsztyn NowySacz Raciborz Raciborz Sniezka Swinoujscie
Raciborz Legnica Wlodawa Wlodawa Wlodawa Sniezka Raciborz Suwalki
Sniezka Sniezka Raciborz Olsztyn Olsztyn Swinoujscie Torun Leba
PuszcaBorec  KasprowyWie Sniezka Sniezka Swinoujscie Poznan Leba Jarczew
Suwalki NowySacz Katowice Legnica _ NowySacz Suwalki Raciborz
Torun Sulejow Sulejow Jarczew Lesko Katowice Lesko Torun
Katowice Sandomierz Suwalki Sulejow NowySacz PuszcaBorec Poznan Poznan

Olsztyn PuszcaBorec Torun Poznan Jarczew Sandomierz
Olsztyn Legnica KasprowyWie  Sandomierz Jarczew Wlodawa
Sulejow Poznan Jarczew Lesko Torun Lesko Legnica NowySacz
Leba Leba Lesko Poznan KasprowyWie  Sandomierz NowySacz Olsztyn
NowySacz PuszcaBorec Sandomierz Sandomierz Suwalki Suwalki Swinoujscie PuszcaBorec

Sandomierz Katowice Poznan PuszcaBorec Jarczew Legnica KasprowyWie _

Jarczew Suwalki _ Katowice KasprowyWie  Sandomierz  KasprowyWie

Swinoujscie Torun Katowice Legnica Sulejow Olsztyn Lesko
Lesko Jarczew KasprowyWie  Swinoujscie PuszcaBorec Torun Katowice Legnica

NowySacz Olsztyn Sulejow Katowice
Poznan Sulejow Sulejow

Legnica Wlodawa Leba

Lesko Bialystok Leba
Bialystok Bialystok Bialystok Bialystok Bialystok Bialystok Bialystok

Table 11 can be used as a guide to quickly visualize which stations are the most similar and where
they stand in the relative ranking. From this quick screening, six stations that recurrently are in the
bottom part of the ranking: Chojnice, Bialystok, Gdansk Swibn, ZielonaGora, Gorzow Wlkp and Kalisz.
These stations should be target first if to consider changes in the monitoring network.

45



NILU report 27/2023

Table 12: Highlighting the stations that seems to be least similar across the results for individual
pollutants.

Ca

PuszcaBorec

KasprowyWie

Na

Swinoujscie

Olsztyn

Cl

NowySacz

Olsztyn

H+ Mg S04

Olsztyn Swinoujscie

Swinoujscie Poznan Leba

NH3-N

Swinoujscie

Suwalki
Leba

Jarczew

Suwalki NowySacz Katowice Legnica ZielonaGora NowySacz Suwalki
_ Sulejow Sulejow Jarczew Lesko Katowice Lesko
Katowice Sandomierz Suwalki Sulejow NowySacz PuszcaBorec Poznan Poznan
ZielonaGora Olsztyn PuszcaBorec _ Poznan ZielonaGora Jarczew Sandomierz
Olsztyn Kalisz Legnica KasprowyWie  Sandomierz Jarczew Kalisz _
Sulejow Poznan Jarczew Lesko _ Lesko Legnica NowySacz
Leba Leba Lesko Poznan KasprowyWie  Sandomierz NowySacz Olsztyn
NowySacz PuszcaBorec Sandomierz Sandomierz Suwalki Suwalki Swinoujscie PuszcaBorec
Sandomierz Katowice Poznan PuszcaBorec Jarczew Legnica KasprowyWie  GorzowWlkp
Jarczew Suwalki GorzowWlkp Kalisz Katowice KasprowyWie  Sandomierz ~ KasprowyWie
GorzowWIlkp Swinoujscie _ Katowice Legnica Sulejow Olsztyn Lesko
KasprowyWie  GorzowWlkp  ZielonaGora Suwalki Kalisz Kalisz PuszcaBorec ZielonaGora
Lesko Jarczew KasprowyWie = Swinoujscie PuszcaBorec _ Katowice Legnica
Kalisz GdanskSwibn NowySacz GorzowWlkp  GorzowWlkp Olsztyn Sulejow Katowice
Poznan ZielonaGora Leba ZielonaGora Sulejow GdanskSwibn  GorzowW!Ikp Sulejow
Legnica _ GdanskSwibn Leba Leba GorzowWIlkp  ZielonaGora Kalisz
GdanskSwibn Lesko Bialystok GdanskSwibn  GdanskSwibn Leba GdanskSwibn  GdanskSwibn
Bialystok Bialystok Chojnice Bialystok Bialystok Bialystok Bialystok Bialystok
Chojnice Chojnice Kalisz Chojnice Chojnice Chojnice Chojnice Chojnice

Table 12 can be used as a guide to quickly visualize which stations are the most dissimilar and where
they stand in the relative ranking. From this quick screening, five stations are recurrently at the top
of the ranking: Sniezka, Raciborz, Swinoujscie, Wlodawa, and Olsztyn. These stations seem to be
unique in the network.
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Table 13: Highlighting the stations that seems to have a mix similarity across the results for

individual pollutants.
Ca Na K cl H+ Mg S04 NH3-N
Swinoujscie Raciborz Swinoujscie Raciborz Sniezka Wlodawa Wlodawa Sniezka
Wlodawa Torun Olsztyn NowySacz Raciborz Raciborz Sniezka Swinoujscie
Raciborz _ Wlodawa Wlodawa Wlodawa Sniezka Raciborz Suwalki
Sniezka Sniezka Raciborz Olsztyn Olsztyn Swinoujscie Torun
PuszcaBorec Sniezka Sniezka Swinoujscie

Suwalki NowySacz Katowice ZielonaGora NowySacz Suwalki Raciborz
Torun Jarczew Lesko Katowice Lesko Torun
Katowice Sandomierz Suwalki NowySacz PuszcaBorec _
ZielonaGora Olsztyn PuszcaBorec ZielonaGora Jarczew Sandomierz
Olsztyn

Sandomierz Jarczew Wlodawa
Jarczew Lesko Torun Lesko NowySacz

Lesko _ Sandomierz NowySacz Olsztyn

Sulejow

NowySacz PuszcaBorec Sandomierz Sandomierz Suwalki Suwalki Swinoujscie PuszcaBorec
Sandomierz Katowice PuszcaBorec Jarczew GorzowWIlkp
Jarczew Suwalki GorzowWlkp Katowice Sandomierz

GorzowWIlkp Swinoujscie Torun Katowice Olsztyn Lesko

_ GorzowWIlkp ZielonaGora Suwalki PuszcaBorec ZielonaGora
Lesko Jarczew _ Swinoujscie PuszcaBorec Torun Katowice
GdanskSwibn NowySacz GorzowWlkp  GorzowWlkp Olsztyn Katowice
ZielonaGora GdanskSwibn  GorzowWlkp
Wlodawa GdanskSwibn GorzowWIlkp ZielonaGora
GdanskSwibn Lesko Bialystok GdanskSwibn  GdanskSwibn GdanskSwibn  GdanskSwibn

Bialystok Bialystok Chojnice Bialystok Bialystok Bialystok Bialystok Bialystok

Chojnice Chojnice - Chojnice Chojnice Chojnice Chojnice Chojnice

Table 13 can be used as a guide to quickly visualize which stations are both at the top and bottom of
the ranking and where they stand in the relative ranking. From this quick screening, nine stations
have a mix signal, they either apear in the botton or/and top: Jarczew, KasprowyWie, Leba, Legnica,
Lesko, NowySacz, Poznan, PuszcaBorec and Suwalki. This once again reflect how different the results
are depending of the compound being considered

Some of these stations, such as Bialystok and Chojnice, are examples that one might think they are not
similar. Note that the analysis considering the temporal and magnitude variation separately, these are
not considered similar, see figures in A4 and A 5 in the Annex for metrics 1-R and EuD respectively. It
is only when we combine both metrics that these show up as very similar stations. Another note is that
the analysis based on the model result does put these stations in different monitoring regions.
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4.3 Combining modeling and observations

The modelling and observation results can be combined to assess the optimization of the current
network. As presented in tables in Section 3, if stations fall within the same cluster based on the
modeling results (regions) then further assessment is needed to indicate which of the stations are
unique (most dissimilar) or may be redundant (two or more stations measuring similar patterns of
temporal and magnitude variation) and, possibly, one or more stations be relocated.

The figure below shows one way of combining the observations and the modelling data results. It also
serves to check the potential differences between measurements and modelling results. Note that this
analysis includes mostly stations monitoring urban areas and that the model does not represent these
areas accurately because of the coarse resolution (~10 and 40 km for acidic compounds and metals,
respectively). This might be the reason why we see some unexpecting clustering at relatively low levels
of dissimilarity.
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Figure 26: SO4 observation-based dendrogram and cluster number where the station falls into based
on the modelled data (Figure 3).
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5 Overall conclusions

Areas have been identified for a potential re-design of the current monitoring network in Poland. The
locations to be considered should be within larger regions and never small. The latter indicates the
presence of sources, and the monitoring should be set-up stations downwind of a source.

It was expected that the results would vary depending on the parameter analysed. It does seem to
indicate that the acidic compounds need monitoring across the country, whereas the metals have a
clearer distinction between north-south and east-west. However, it appears that a denser network is
needed in the south-east part of the country and less monitoring in the north-west, independently of
the compound.

There is a need to keep stations monitoring the Polish coast, particularly for shipping-related pollution.
A station in Gdansk seems to have the most variety of air masses and could be a unique monitoring
location. The footprint shows that many monitoring sites are influenced mainly by Polish sources but
occasionally from neighbouring countries such as the Czech Republic and Slovakia.

If the monitoring network were comprised of the stations that we have the data available for, the
centre of Poland would not be monitored at all, showing a gap in the monitoring network.

The relative ranking based on the observations indicates the following:

e six stations that recurrently are in the bottom part of the ranking: Chojnice, Bialystok,
Gdansk Swibn, ZielonaGora, Gorzow WIlkp and Kalisz. These stations should be targeted first
if to consider changes in the monitoring network;

o five stations are recurrently at the top of the ranking: Sniezka, Raciborz, Swinoujscie,
Wlodawa, and Olsztyn. These stations seem to be unique in the network;

o Katowice, Lesko, NowySacz, Olsztyn, Poznan, Raciborz, Sandomierz, , Sulejow, Swinoujscie,
Torun, Wlodawa

e nine stations have a mix signal, they either apear in the botton or/and top: Jarczew,
KasprowyWie, Leba, Legnica, Lesko, NowySacz, Poznan, PuszcaBorec and Suwalki. This once
again reflect how different the results are depending of the compound being considered

The results based on the modelling and measurements show there may be some discrepancy between
model results and observations. This discrepancy may be due to most of the sites being located at
urban background areas when the model does not represent urban areas accurately, especially runs
concerning metals (~40km resolution). Cases such as the high similarity based on observations
between Choijnice and Bialystok are to be investigated. The model shows that the stations should be
measuring different regimes (combination of meteorology and emissions). This is expected since they
are geographically far apart. However, the observations say otherwise for all compounds available for
the analysis.
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Annex

A.1 Modelled regions (clusters): 25 regions representing the areas of representativeness
of a single station based on (1-R ) x EuD metrics

A.1.1 SOx

areas of spatial representativiness for 25 stations measuring DEP_SOX
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Figure 26: Areas of spatial representativeness for 25 stations measuring SOx deposition.
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Table 14: Cluster information based on the results presented in Figure 5 and Figure 27 for the

monitoring stations listed in Table 2.

25 regions name
1 Chojnice
1 GorzowWIlkp
1 Parseta
1 Wolin
2 Poznan
2 Torun
2 ZielonaGora
2 Poznan-Morasko
3 Zielonka
4 Leba
5 Kalisz
5 Sniezka
5 Swinoujscie
5 Karkonosze
6 Legnica
7 Raciborz
8 Sandomierz
8 Lysogéry
9 GdanskSwibno
9 Olsztyn
9 Koniczynka
10 Katowice
11 Kampinos
12 Sulejow
14 KasprowyWierch
14 NowySacz
18 Lesko
18 Szymbark
19 Jarczew
20 Bialystok
20 Suwalki
20 PuszcaBorecka
20 Puszcza Borecka
20 Wigry
24 Wlodawa
24 Roztocze
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A.1.2 OXN

areas of spatial representativiness for 25 stations measuring DEP_OXN
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Figure 27: Areas of spatial representativeness for 25 stations measuring OXN deposition.
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Table 15: Cluster information based on the results presented in Figure 5 and Figure 27 for the

monitoring stations listed in Table 2.

25 regions name

1 GorzowWIlkp
1 Poznan

1 Parseta

1 Poznan-Morasko
2 Wolin

3 Leba

4 Kalisz

4 Legnica

4 Sniezka

4 Sulejow

4 Swinoujscie
4 ZielonaGora
4 Karkonosze
5 Chojnice

5 GdanskSwibno
5 Zielonka

5 Koniczynka

6 Katowice

6 Raciborz

8 Torun

8 Kampinos
12 KasprowyWierch
12 NowySacz
12 Szymbark
13 Sandomierz
13 Lysogdry

15 Bialystok
15 Olsztyn

15 Suwalki

15 PuszcaBorecka
15 Puszcza Borecka
15 Wigry

18 Wlodawa
18 Jarczew
20 Lesko
24 Roztocze
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Figure 28: Areas of spatial representativeness for 25 stations measuring RDN deposition.
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Table 16: Cluster information based on the results presented in Figure 7 and Figure 28 for the

monitoring stations listed in Table 2.

25 regions

name

1

GorzowWIlkp

Legnica

Poznan

Sniezka

Swinoujscie

Torun

ZielonaGora

PuszcaBorecka

Karkonosze

Parseta

Kampinos

Lysogéry

Puszcza Borecka

Poznan-Morasko

ool ddlddDINIRIRP(RIRIRPRIRIRIRIRIR[RIR|IR[R|(RLR|RLR|R

Roztocze
Wigry
Koniczynka
Szymbark
Wolin
Chojnice
GdanskSwibno
Leba
Raciborz
Jarczew
Zielonka
Kalisz
Katowice
10 NowySacz
14 Sulejow
16 Olsztyn
17 KasprowyWierch
19 Lesko
19 Suwalki
20 Sandomierz
20 Wlodawa
24 Bialystok
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A.l4cd
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Figure 29: Areas of spatial representativeness for 25 stations measuring Cd deposition.
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Table 17: Cluster information based on the results presented in Figure 9 and Figure 29 for the

monitoring stations listed in Table 2.

25 regions

name

1

Chojnice

GdanskSwibno

GorzowWIlkp

Kalisz

Leba

Legnica

Poznan

Sniezka

Swinoujscie

Torun

ZielonaGora

Zielonka

Parseta

Wolin

Poznan-Morasko

Koniczynka

Karkonosze

Katowice

Lysogéry

Raciborz

Olsztyn

Sulejow

PuszcaBorecka

Puszcza Borecka
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Figure 30: Areas of spatial representativeness for 25 stations measuring Hg deposition.
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Table 18: Cluster information based on the results presented in Figure 11 and Figure 30 for the

monitoring stations listed in Table 2.

25 regions

name

1

Chojnice

GdanskSwibno

GorzowWIlkp

Kalisz

Legnica

Poznan

Swinoujscie

Torun

ZielonaGora

Zielonka

Parseta

Wolin
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Koniczynka

Leba
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Figure 31: Areas of spatial representativeness for 25 stations measuring Pb deposition.
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Table 19: Cluster information based on the results presented in Figure 13 and Figure 31 for the

monitoring stations listed in Table 2.

25 regions

name

1

Chojnice

GdanskSwibno

GorzowWIlkp

Leba

Olsztyn

Torun

Zielonka

Parseta

Wolin

Koniczynka

Kalisz

Legnica

Poznan

Swinoujscie

ZielonaGora

Poznan-Morasko
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A.2 Modelled regions (clusters): 21 and 25 regions representing the areas of
representativeness of a single station based on 1-R (temporal variation)

A2.1 SOx

areas of spatial representativiness for 21 stations measuring DEP_SOX
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areas of spatial representativiness for 21 stations measuring DEP_OXN
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areas of spatial representativiness for 21 stations measuring DEP_RDN
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A.2.4 Cd

areas of spatial representativiness for 21 stations measuring Cd
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areas of spatial representativiness for 21 stations measuring Hg
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A.2.6 Pb

areas of spatial representativiness for 21 stations measuring Pb
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A3 Modelled regions (clusters): 21 and 25 regions representing the areas of
representativeness of a single station based on EuD (magnitude variation)

A.3.1 SOx

areas of spatial representativiness for 21 stations measuring DEP_SOX
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A.3.2 OXN

areas of spatial representativiness for 21 stations measuring DEP_OXN
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A.3.3 RDN

areas of spatial representativiness for 21 stations measuring DEP_RDN
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A3.4 Cd
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areas of spatial representativiness for 25 stations measuring Cd
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areas of spatial representativiness for 21 stations measuring Cd

NILU report 27/2023

suburban & rural background

chemistry-precipitation

suburban & rural background

ZMSP-IMNE

chemistry-precipitation

area

CONOOWN=

14
15

17
18

20
21

23
24
25



A.3.5 Hg
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areas of spatial representativiness for 21 stations measuring Hg
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A.3.6 Pb
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areas of spatial representativiness for 21 stations measuring Pb
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A.4 Station dissimilarity analysis based on the temporal variation (1-R)
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A4.3 Ca
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A.5 Station dissimilarity analysis based on the magnitude of deposition levels (EuD)
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A5.3 Ca

75
e——snedkab s
s KasprowyWie 5 0859
Torun 37361
&0 Dlsztyn 31071

Wiodawa 2 7004

——Kalowice 26237

Gorzowllkp 2.4019

—— ——onanee2zns

———————GdanskSwibn 2.0844
xﬁwmuwsﬂa 20288

ialystok 17157

i uwalki 1.7157
\

W,
e
N\
N\ Zielonatiora 1 1038

S
W,

g
/

0n- 4
4 =4 O A o o o ® 0 @ N = [l \
3 @ S 7 Q @ £ = = 6 T 4 @ L p @ o Y
o 2 E N g = = 3 g o2 o 3 g 3 g o N egnica 10465
° N = 3 8 = 5 =] N ® & 3
N3 S g = a 2 © g o 2 @ 2 o N o
o 2 ER-3 g = &£ = = g = % = o - ’
2 o = S o g %’ & eba 0.91089
= o 5 § =
® =
Jarczew 0,83396
25+
A.5.4 a
x5r|\e<¥a 76333
-Katawice 6 0087
IKa!pmvwh\ef’dG'[
fﬂs:—mwﬂs
{Lild5:93
5- Swinoujscie 5.293
T T Gorzowiikp 4.8232
GefanskSwibn 3.5365
Chajnice 3.3454
[=] .
=
]
-ZielonaGora 3.0274
-Suwalki 28382
Tonun 2 4245
0- L + £
b R ) o) © 7N 7 20 [y g emp—
= @ @ S F E
CI- - T 3 5§ 7 g ER - 3
L R 2. SR b5 2.
a E o 2 5 =z 9 % = o = 3 8 g Blalyslok 1.3825
% o = = © w © a =
Q = = = =]
v F % g 8
@ = gnie

Jarczew 078333

81




A.5.5

Na

NILU report 27/2023

EuD

eyzalus

ega

aippimordsey)

aloshoumg

ugUASHSUEP!

0

&

zs1|ey

BI09BUO|RIZ-

eojuba

=
o
[=
=

EMEDO| /.

mazmer}

0810gBOZSNd

I&'\ez\asub:

——.eba 40693

s

Kasprowywie 3.3628

Katowice 2.723
danskSwion 2.4012
Olsztyn 2.3696

f—Swinouisie 23690

arzowWlkp 17398

Torun 17308

hojnica 16368

nica 0.671

Bialystok 0.64068

Nieoawa 0.58899

-Jarczew 03799

A.5.6

EuwD

aipAmolrdseyt

ooy

Byzalug

20IMOIE

dyjjpmozios)

ugimeisuep.

21asNouIMs.

unioj

BIoHRUO[SIZ.

ukizs|o

eqe

yoishlelg

MBZ2Ie

eolubaT

plemng

eMEPO| A

a

asprovyWie 4.0177
——Chajnice 3.0408

[ /——snlezka 27987

£y
F
Al

—

——Hatowice 2.4184

-Gorzowikp 1.7914

danskSwibn 1.3717

Torun 0.74262

ZiglonaGora 0. 79267

Suwalkl 0.35055

Wiodawa 0.35055

82




NILU report 27/2023
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