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Abstract: Lead (Pb) and cadmium (Cd) levels in ambient air were explored due to their toxicity
and deleterious environmental effects. The aim of this study was to assess the time tendencies and
spatial changes in Pb and Cd atmospheric deposition in a Central European country with a long
history of ambient air pollution. We used measured data on precipitation chemistry and ambient
air pollutant concentrations in the Czech Republic (CR) obtained within a nation-wide monitoring
network. Our analysis is based on spatial patterns of annual wet-only and dry deposition fluxes
constructed for 1996–2021. The results indicated that both Pb and Cd deposition over the CR during
the last three decades decreased substantially, about 10 times, the absolute values for Cd being one
order of magnitude lower than those for Pb. The wet-only deposition pathway dominated over the
dry deposition pathway. This trend reflects the heavy metal (HM) emission reductions in the CR
and neighboring countries and is in line with decreasing trends in ambient air HM concentrations in
Europe. The spatial patterns showed that the northern industrial portions of the CR were loaded
more as compared to the southern parts, and that the extension of affected regions has recently
decreased substantially.

Keywords: heavy metals; Czech Republic; time tendencies; spatial patterns; 1996–2021

1. Introduction

Lead (Pb) and cadmium (Cd) are listed among the group of heavy metals (HM), a
term widely used, though defined diversely in individual science fields and including
different elements depending on the context [1–3]. Nevertheless, regardless of some
uncertainties in classification, HM are synonymous with pollution and toxicity [4] and
have been widely recognized as a major environmental issue for decades [5–7]. HM are of
concern for both humans and ecosystems [8]. Some are recognized as human carcinogens,
and their persistence and accumulation in food chains are detrimental for both nature and
humans [9]. With respect to the above, airborne heavy metals are observed and studied
worldwide [10–13], as they represent a considerable risk for our environment [14,15].

Though HM are naturally present in the Earth’s crust, uncontrolled human activities
have substantially altered their natural biogeochemical cycles [16]. It is generally assumed
that HM contamination was the highest in the 1960s and 1970s due to industrial activities
peaking in regions of North America and Europe; however, modern measurements of ambi-
ent air concentrations of HM only started as late as the 1980s [17]. Emitted predominantly
as a result of human industrial activities, HM are often bound to fine particles, PM2.5 [18],
and can be transported far (thousands of km) from their emission sources, thereby affecting
even the most remote regions [19,20]. There is evidence of the effects of HM in Arctic
and subarctic regions resulting from coal burning in the mid latitudes [17]. HM enter
ecosystems via both dry and wet atmospheric deposition pathways, affecting water, soil,
plants and trees [11].
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In this paper we focus on two of the range of HM: lead (Pb) and cadmium (Cd), the
toxic elements emitted primarily due to anthropogenic activities and demonstrating major
peaks in PM2.5 [21]. Pb and Cd have multiple effects on human health, including effects
on the immune system, which is known to have a key role in the pathophysiology of
cancer [22]. The International Agency for Research on Cancer (IARC) has classified Cd
and its compounds as group 1 carcinogens, whereas Pb and its compounds have been
classified as ‘probable’ human carcinogens, group 2a [23]. In recognition of their detrimental
effects, based on WHO ambient air quality guidelines [24], European legislation sets up the
limit value for Pb as a year average of 0.5 µg·m−3 [25] and target values for ambient air
concentrations of Cd set up as an average over a calendar year as 5 ng·m−3 [26].

Both Cd and Pb exposures seriously threaten human health through bio-accumulation
via food chains [27]. Hence mechanisms of foliar uptake and behavior in plants, includ-
ing those used as principal components of human food, such as rice, cereals, fruits and
vegetables, tea etc. are studied extensively [28–31]. For proper and efficient remediation
it is of the utmost importance to correctly identify the pathways of HM inputs to the
environment. Ma et al. [32] reported that wheat grain Pb contents originated primarily
from atmospheric deposition rather than soil. Feng et al. [30] warned of higher health risks
via the consumption of rice due to increased exchangeable Cd and Pb in surface soil due to
atmospheric deposition. With respect to their importance, ambient concentrations of heavy
metals are observed in many places over the world. Long-term records exist, for example
in the United Kingdom [33].

In the Czech Republic, the emissions of HM peaking in the 1970s and 1980s were asso-
ciated with the burning of fossil fuels in large lignite-burning power plants and industries,
such as metallurgy, chemistry and glass and ceramic manufacturing, agriculture (industrial
fertilizers and pesticides) and the use of leaded petrol in cars [34]. The aim of this study was
to evaluate the long-term time trends and spatial changes in the atmospheric deposition
of Pb and Cd over the Czech Republic in the last three decades. To this end, we used the
measurements obtained by the Czech Hydrometeorological Institute (CHMI) and stored in
a nation-wide ambient air quality database (ISKO) run by the CHMI.

2. Materials and Methods

Our analysis is based on the spatial distribution of atmospheric deposition fluxes of
Pb and Cd obtained by observation-based geostatistical modelling, as described in detail
below. Maps of total deposition fluxes were constructed as sums of dry and wet deposition
maps. The maps were derived in a fine spatial resolution of 1 × 1 km. The input data
were measured at sites depicted in Figures 1 and 2. We present the current state of the
monitoring network (2019). The monitoring network in the CR has obviously developed
over time, though with respect to number of stations measuring Pb and Cd in the period
examined in our study, it has not changed substantially.

2.1. Wet-Only Deposition

Maps of wet-only deposition fluxes were created on the basis of fields of concentra-
tions of individual HM in precipitation (annual volume-weighted averages) and fields
of precipitation totals created on the basis of data observed at 750 meteorological station
precipitation gauges accounting for the effect of altitude on precipitation amounts. The
monitoring network for sampling precipitations for HM analyses, presently amounting to
almost 30 sites, is presented in Figure 1. Precipitation samples for HM analysis were col-
lected year-round, in rain and snow, using (i) automated wet-only samplers operated on a
weekly/daily basis and (ii) bulk collectors operated on a monthly basis. HM concentrations
in samples were analyzed using inductively coupled plasma mass spectroscopy (ICP-MS),
the standard laboratory method capable of detecting HM at very low concentrations [35]
since 2011. In 1996–2010, the graphite furnace atomic absorption spectrophotometry (GF-
AAS) was used. According to the CHMI laboratory validation reports, these two methods
deliver comparable results.
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The wet-only deposition spatial patterns were created from fixed station measure-
ments using the inverse distance-weighted spatial interpolation technique, IDW [36]. The
precipitation chemistry sampling network is sparse with respect to mapping (27 stations for
the territory of the CR equal to 78,841 km2); hence, the spatial interpolation was carried out
in two stages. Firstly, the values were extracted into a regular 20 × 20 km point network,
and secondly, the interpolation was generated in a regular 1 × 1 km grid for smoothing.
In contrast, the meteorological network for observing precipitation depths amounting to
hundreds of sites is much denser, allowing for the use of a more sophisticated approach of
universal linear kriging [37]. The mapping approach for HM wet-only spatial patterns was
analogous to that used earlier for sulfur [38,39] and nitrogen [40].
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2.2. Dry Deposition

Dry deposition was calculated on the basis of the simplified inferential method [41,42],
multiplying measured HM ambient air concentration and relevant mean annual dry deposition
velocity. Though HM are closely associated with PM2.5, we could not use this fraction, as PM2.5
has not been measured in the CR until the mid-2000s. Hence, we used the data available on
HM in PM10, considering the clear linkage between the concentrations of HM in both aerosol
fractions [43,44]. We used measured concentrations of fixed monitoring stations observing
PM10 aerosol fraction (Figure 2). Pb and Cd concentrations in PM10 samples were analyzed
using the inductively coupled plasma mass spectroscopy (ICP-MS) method (Jin et al., 2020)
since 2003. In 1996–2002, graphite furnace atomic absorption spectrophotometry (GF-AAS)
was used. According to the CHMI laboratory validation reports, these two methods deliver
comparable results.

With respect to deposition velocities, we used a very rough approximation for the
land-use distribution into forested and unforested areas [45]. Furthermore, we have not
considered the seasonal or year-to-year changes in deposition velocity values and used a
uniform mean annual deposition velocity identical for the entire period investigated. The
deposition velocities used were as follows:

Pb: 0.25 cm·s−1 (for forested areas), 0.08 cm·s−1 (for unforested areas),
Cd: 0.27 cm·s−1 (for forested areas), 0.10 cm·s−1 (for unforested areas).

3. Results
3.1. Atmospheric Deposition of Lead

Considering the entire area of the CR (i.e., 78,841 km2) our results indicated that the total
atmospheric deposition of Pb decreased substantially over the period of 1996–2021 (Figure 3).
It peaked in 1997 with 366 t, whereas the minimum of 48 t (split into 30 t deposited by wet-
only and 18 t by dry deposition pathways) was reached in 2020. According to our estimates,
the wet deposition pathway dominated over the dry pathway during the entire period
investigated (Figure 4). A slight decrease in wet deposition contribution has been evident
since 2002. Wet deposition contribution amounted to 70–90% until 2007. Its proportion then
decreased somewhat, ranging from 52% to 70%, after 2008.
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To visualize the spatial distribution of HM annual deposition fluxes, we chose two
years, 2012 and 2019, as we intended to contrast different meteorology of the respective
years. Whereas 2012 can be still considered as the year representing normal conditions, 2019
represents a long-lasting hot and drought spell beginning in 2014. The total Pb deposition
decreased from 88 t (over the entire CR area) in 2012 to 49 t in 2019 (Figure 3); the proportions
of wet and dry deposition were nearly identical—64% and 63% of wet deposition in 2012
and 2019, respectively (Figure 4). The spatial pattern of the total annual Pb deposition
(Figure 5) revealed that the most affected regions in the past (2012) were Northern Moravia
and the extended region of the Jizerske hory Mts. in North Bohemia, both being adjacent to
industrialized Polish regions. Later, the Pb deposition fluxes decreased over major portions
of the CR. The most affected region in Northern Moravia shrunk substantially (Figure 6).

3.2. Atmospheric Deposition of Cadmium

Similarly, a decreasing trend in total atmospheric deposition has been recorded for Cd.
The absolute values for Cd are one order of magnitude lower than those for Pb. The highest
Cd deposition of 21 t over the entire area of the CR (equal to 78,841 km2) was recorded in
1996; the lowest deposition of 2.6 t was observed in 2018 (Figure 7). Similarly to Pb, the
major deposition pathway for Cd over the entire time period examined was wet deposition
as well. Its portion ranged between 80% and 90% until 2003, and decreased somewhat in
proportion to 60–80% from 2004 on (Figure 8).

The total deposition of Cd decreased from 7.4 t (over the entire CR area) in 2012 to
2.7 t in 2019 (Figure 7); the proportion of wet deposition decreased from 74% in 2012 to
59% in 2019 (Figure 8). The spatial pattern of annual total deposition of Cd shows a higher
load in the northern portion of the country in the past (Figure 9) and a substantial overall
current decrease, except for one area, the vicinity of the town of Tanvald adjacent to the
Jizerske hory Mts. (Figure 10).
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4. Discussion

In this work, we present the time trends of estimated Pb and Cd deposition fluxes
(split into wet-only and dry pathways) over the CR in 1996–2021. Our estimates were
derived from the Pb and Cd deposition maps with spatial resolution of 1 × 1 km. The
beginning of our analysis, i.e., 1996, was not chosen by pure chance. In spite of the fact
that both precipitation chemistry and ambient air quality levels were measured earlier
at some places in the CR and these data are available through the Ambient Air Quality
Information database (ISKO) run by the CHMI [46], it was not until 1996 that the spatial
coverage of the data was dense enough to enable us to construct spatial patterns of dry
and wet deposition as two substantial parts of total atmospheric deposition. To enable the
comparison of annual values over a longer time span, we adhered to the same methods
both for measurements and for developing spatial maps of Pb and Cd deposition fluxes.

Considering the overall estimates of wet-only and dry proportions of deposition, we
have to keep in mind, however, that the maps were constructed based on the measurements
from completely different measuring sites (Figures 1 and 2), using different input data
burdened by different and unspecified uncertainties and applying different interpolation
approaches (Sections 2.1 and 2.2.). Predominance of the dry deposition over the wet-
only pathway can be expected in impacted, air polluted cities and regions, whereas the
wet-only fluxes dominate in relatively clean, unpolluted regions, frequently in mountain
ranges, in higher altitudes where the deposition flux is modified by precipitation totals
rather than by HM concentrations [47–50]. Our approach collating an interpolated map
of precipitation chemistry measurements from almost 30 sites with an interpolated map
of annual precipitation amounts from 750 precipitation gauges can be considered more
reliable than the dry deposition map.

Whereas the estimated wet-only deposition fluxes can be considered reliable, the
estimate of dry deposition fluxes is burdened with high uncertainties. With respect to dry
deposition flux estimation, the deposition velocities of ambient air pollutants, including
aerosol bounding HM, are burdened by major uncertainties and a vast number of values
in a broad range, obtained either through experiments or models, are available [51]. The
factors influencing deposition velocity are numerous. Among the most important are the
land cover of the region under consideration, vegetation, temporal changes (winter and
summer months), diurnal variations and micrometeorological conditions (wind direction
and velocity, and atmospheric stability). Additionally, experimental uncertainties are to be
accounted for [52].

Mohan [53] indicated that an increase in particle size results in increased deposition
velocity. The deposition velocities we used in this study (i.e., 0.25/0.08 cm·s−1 for Pb and
0.27/0.10 cm·s−1 for Cd, for forested/unforested areas) are within the range reported in
scientific literature. For example, vd for anthropogenic elements, including Pb, are reported
to be within the vast range of 0.3–23.1 cm·s−1 [54]. Actually, our estimates are based on
vd values approaching the lower point of the range indicated in scientific literature. This
implies that our estimates of dry deposition fluxes are conservative, and we can reasonably
assume that the estimated HM deposition fluxes were rather underestimated than overes-
timated. We are aware of the fact that the simplification we used here, considering only
two values for each HM under review (i.e., deposition velocity for forested and unforested
areas), was a very rough approximation. We were not aiming for “accurate values” here;
rather, we aimed to examine a spatial pattern over time, define changing proportions of dry
and wet pathways and differ and contrast the individual regions due to their atmospheric
deposition fluxes. We believe that for the above purposes, the applied simplified approach
is acceptable.

Our results suggest that for both Pb and Cd, the atmospheric deposition fluxes in
the CR decreased about ten times over 1996–2021, though in absolute values, Pb scored
one order of magnitude higher. This development reflects the substantial decrease in HM
emissions reported for the CR. Whereas the total annual emission of lead in 1990 was
318.29 t, it decreased to 36.63 t in 2005 and 17.8 t in 2018. Similar development is reported
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for Cd, the total annual emission of which was 5.28 t in 1990, 1.75 t in 2005 and 1.33 t in
2018 [46]. This finding is in line with the continuous reduction of heavy metal emissions
in Europe during the last four decades [10] and the improving ambient air quality with
respect to HM [55]. The changes in Pb and Cd deposition (Figures 3 and 7) have not been
simultaneous, however, as these elements originate from different emission sources. The
major emission source for Pb was leaded petrol used in cars until its phase out in the CR in
2001 [56]. The major emission sources for Cd are burning of fossil fuels in thermal power
plants, burning of refuse and glass manufacturing [57]. These sources were regulated
by strict emission limits set up in the 1990s to be met by 1998, which was an impetus to
the most pronounced improvement in ambient air quality, including the decrease in Cd
deposition [34].

According to our results, the decreases in wet deposition for both Pb and Cd were
much faster than in the dry deposition over 1996–2021. This fact can indicate the decreasing
air trans-boundary transport of these metals. Additionally, it can reflect on-going climate
change with a long lasting drought spell hitting the CR in recent years, since 2014 [58,59].

For mapping spatial patterns of Pb and Cd deposition, we selected two years contrast-
ing in meteorological conditions, 2012 and 2019. Climate factors are known to be closely
interlinked with ambient air quality, as they modify the life cycles of atmospheric pollutants,
including their removal from the atmosphere via wet and dry processes [41,60]. According
to the long-term observations of the CHMI, the on-going climate change manifests itself by
gradually increasing temperatures and frequent extreme weather events [61]; this trend
is consistent with the WMO analysis [62]. In our mapping, we intended to visualize the
deposition in the year, which can be reckoned as a new normal (2012) and the year repre-
senting extraordinary weather conditions. The year 2019 represents a long-lasting spell of
hot weather and drought beginning in 2014. With respect to the mean annual temperature
of 9.5 ◦C with a deviation of 1.6 ◦C above the normal of 1981–2010 (and +2.0 ◦C above the
normal of 1961–1990), the year 2019 belonged to the extremely warm years in the CR. Actu-
ally, the year 2019 was the second warmest year on record in the CR since 1775 when the
temperature measurements started in the Prague Klementinum Observatory [61,63]. Based
on significantly different meteorology in 2012 and 2019, we expected changing proportions
of wet and dry deposition pathways. This was not true, however, at least with respect to
overall estimate indicating about the same relative shares of wet deposition for both years
for Pb—64% in 2012 and 63% in 2019 (Figure 4). For Cd, the relative share of wet deposition
decreased somewhat from 74% in 2012 to 59% in 2019 (Figure 8).

Considering the changes in total annual deposition fluxes of Pb and Cd between
2012 and 2019 (Figures 3 and 7), in the context of changing emissions, we can see that
whereas the Pb emissions changed substantially, the Cd emission remained about the same.
According to the EMEP emission inventory, the Pb emission in the CR decreased from ca
24 t in 2012 to ca 19 t in 2019; the Cd emission in the CR decreased from ca 1.4 t in 2012 to
ca 1.3 t in 2019 [64].

In spite of the substantial decrease in deposition fluxes, by looking at spatial patterns,
we can see that both ambient air and atmospheric deposition in the northern CR remain
more loaded with HM than in the past [46,65]. Actually, the northern part of the CR is
traditionally more industrial than the southern part. Furthermore, the northern part is also
affected by the influence of both large and local emission sources from adjacent, highly
industrialized regions in Poland [66,67]. According to EMEP inventories, the total Polish
emissions of Pb decreased from some 300 t in 2012 to 260 t in 2019, whereas emissions of
Cd remained about 10 t for the same years [64]. However, the detailed spatiotemporal
information on changes in Pb and Cd air concentrations or deposition fluxes in Poland in
the period examined in our study is not available.

That the north CR is generally more contaminated with respect to ambient air pollution
than the south is also permanently reported by a nation-wide assessment published yearly
by the CHMI [46]. The above statement also fits well if only HM loads are considered,
which is documented by the extensive long-term biondication studies targeted on HM
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contamination [68]. As a proxy for Pb and Cd loads, sampling mosses appears to be a valu-
able tool for determining and mapping the spatial variability of these HM in atmospheric
deposition, as was shown in a study at a high spatial resolution for Europe [69]. Whereas
the instrumentation used for deposition fluxes measurements is costly, measuring pollutant
concentration in bioindicators, such as mosses, enables the collection of a large number of
samples useful for spatial analysis [70]. Averaged across Europe, since 1990, the median
concentration in mosses has been reported to decline the most for lead (77%), followed by
cadmium (51%), [71].

Occult deposition of heavy metals was neglected in this study due to the lack of data,
though it was indicated that both fog and rime are likely to contribute substantially both in
elevated and industrial areas due to (i) duration and frequency of fog and rime events and
(ii) much higher mineralization of occult deposition [39,72–74].

5. Conclusions

In this study, we evaluated time trends and spatial changes in the atmospheric deposi-
tion fluxes of Pb and Cd over the CR in the last three decades based on data measured by
the CHMI in a nation-wide monitoring network. Our estimates are based on a time series
of annual wet-only and dry deposition maps created by data-driven geostatistic models.
Our results suggest that both Pb and Cd deposition fluxes over the CR over 1996–2021
decreased substantially, by about 10 times. The wet-only deposition decreased much faster
than the dry deposition and was responsible for a major decrease in total deposition over
1996–2021. The absolute values for Cd were one order of magnitude lower than those for
Pb. For both HM examined, the wet deposition pathway dominated the dry deposition
pathway over the entire time period. With respect to spatial distribution, the northern
portions of the CR were more loaded compared to the southern parts; the size of these
affected regions has shrunk substantially recently, however. Our long-term time trends fit
well within the developments reported for other EU countries.

Author Contributions: Conceptualization, I.H.; methodology, I.H., P.K., M.S. and L.V.; formal analy-
sis, P.K., M.S., L.V. and H.Š.; investigation, I.H.; data curation, H.Š.; writing—original draft prepara-
tion, I.H.; writing—review and editing, I.H., M.S., L.V. and H.Š.; visualization, P.K. and M.S.; project
administration, I.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Technological Agency of the Czech Republic (TAČR),
Joint Grant No. SS01010231 “Dopady atmosférické depozice na vodní prostředí se zohledněním
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The influence of local emissions and regional air pollution transport on a European air pollution hot spot. Environ. Sci. Pollut. Res.
2019, 26, 1675–1692. [CrossRef]
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