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Summary: We present a spatial estimation of the contribution of occult precipitation to the true atmospheric sulphur
deposition across the territory of the Czech Republic. Our estimation is based on differences in two spatially explicit, data
driven geo-statistical deposition models for forested areas: 1. a throughfall sulphur deposition model and 2. a sulphur depo-
sition model calculated from dry plus wet-only deposition (often referred to as the “total” deposition). The sulphur deposi-
tion maps for Czech forested areas at 1x1 km resolution are presented and the dependence of the contribution of occult
precipitation to sulphur deposition on altitude is assessed. All available data on precipitation chemistry at disposal, results
of wet-only, bulk and throughfall measurements were compiled. Our preliminary results based on geo-statistical modelling
indicate that the contribution of occult precipitation to sulphur deposition is significant, varies in a wide range, and is de-
pendent on altitude. On 68% of the Czech forested area, the occult deposition in 2008 ranged between 0-0.5 gzm™year?, on
25% between 0.5-1 g-m™.year”, on 3.5% between 1-1.5 gm™.year', and on 0.7% it was more than 1.5 g:m™.year’. In relative
terms, in 2008 the occult precipitation contribution to sulphur deposition over the Czech forested area was up to 200% of
wet plus dry deposition estimates in 99% of the grid cells, and in the remaining 1% of the grid cells it even ranged between
200—400%. Across ca. 50% of the Czech forested area 50—-100% of sulphur deposition was contributed by occult precipita-
tion. Our results indicate that when using the maps of the “total deposition” derived from wet and dry deposition without
accounting for occult deposition (which is hitherto a common approach), we are likely to substantially underestimate the
true atmospheric deposition and consequently its possible impacts on ecosystem health. The approach and the weaknesses
that still remain are discussed. The presented results are rough estimations but can be considered the best available at the
moment for the Czech Republic.

Zusammenfassung: Wie prisentieren einen riumlichen Ansatz zur Abschitzung des Einflusses von Nebelniederschli-
gen auf den tatsidchlichen Eintrag von Schwefel im Gebiet der Tschechischen Republik. Unsere Abschitzung basiert auf
den Unterschieden zwischen zwei geostatistischen Modellierungen fiir den Schwefeleintrag bewaldeter Areale: 1. einem
Bestandniederschlag-Fintragsmodell und 2. einem Schwefeleintragsmodell basierend auf kombinierten Werten der Tro-
cken- und Nassdeposition. Karten der Schwefeldeposition in Tschechien mit einer Rasterzellengréfie von 1x1 km werden
fiir die bewaldeten Gebiete prisentiert und die Bedeutung der Nebelniederschlige auf den Schwefeleintrag in Abhingigkeit
von der Hohe abgeschitzt. Dabei wurden alle verfiigharen unterschiedlichen Niederschlagsdaten und chemischen Analysen
zusammengetragen und bertcksichtigt. Unsere vorldufigen, auf geostatistischer Modellierung beruhenden Modellierungen,
deuten daruf hin, dass die Nebelniederschlige signifikanten Einfluss auf die Menge der Schwefeldeposition haben und dass ein
deutlicher Zusammenhang mit der Hohenlage besteht. In 68% der bewaldeten Gebiete in Tschechien lag der Schwefeleintrag
2008 bei 0-0,5 g:m™ Jahr' auf 0,7% der Fliche tber 1,5 g:.m™ Jahr'. Relativ betrachtet lag damit der Schwefeleintrag durch
Nebelniederschlag in 99% der betrachteten Rasterzellen bis zu 200% tiber der modellierten Gesamttrocken- und nassdepo-
sition und bei dem restlichen 1% der Rasterzellen gar 200-400% dartber. Unsere Ergebnisse zeigen, dass das bisher tbliche
Verfahren der riumlichen Schwefeldeposition-Modellierung ohne die Berticksichtigung der Nebelniederschlagseintrige zu
einer Unterschitzung der Schadstoffeintrige und der daraus folgenden kosystemaren Auswirkungen fithrt. Obwohl der
vorgestellte Ansatz durchaus noch Unsicherheiten aufweist und somit zunichst nur grobe Abschitzungen erlaubt, kann er
als der momentan realistischste Modellierungsansatz der Schwefeldeposition fiir Tschechien angesehen werden.
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1 Introduction the amount expected to cause environmental dam-
age (Broox et al. 1999). True atmospheric deposition

Accurate determination of the atmospheric dep-  consists of dry deposition, wet deposition by pre-
osition of a chemical species is a key issue for iden-  cipitation and occult deposition (fog, low cloud, dew,
tifying regions with deposition that are in excess of  rime, hoarfrost). The quantification of the respective
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components significantly differs regarding the com-
plexity, difficultness and reliability of the resulting
deposition value. Wet deposition is relatively easily
measured and assessed (Krupa 2002), while there is
no widely accepted technique for measuring dry dep-
osition. Hence, it is estimated using different, usually
elaborate modelling approaches (WESELY and Hicks
2000; Kumar et al. 2008). Out of the three compo-
nents, occult deposition is by far the most difficult to
quantify (e.g., Krura 2002; KrLEMM and WRZESINSKY
2007).

Deposition of sulphur has been attentively stud-
ied in Hurope (VESTRENG et al. 2007) and elsewhere
in the long run due to its detrimental effects on the
ecosystem health. Sulphur dioxide (SO,) emitted
from different sources is oxidised in the atmosphere
to sulphates (SO,*). Regarding the species lifetime, it
is obvious that while SO, concentrations are affect-
ed by local or nearby sources, SO, concentrations
are more attributable to regional air pollution trans-
port (SEINFELD and PANDIS 1998; MyYLEs et al. 2009).
Almost the entire sulphur deposition from the at-
mosphere is transferred to the forest floor in the form
of SO,* contained in the throughfall (StacHursk1 and
ZIMKA 2002). Sulphur plays an important role in the
biogeochemistry of forests as an essential plant nu-
trient and is indispensable for many reactions in the
living cell. However, an increase in sulphur deposi-
tion cannot be considered as universally beneficial for
ecosystems, particularly to the ones poorly buffered
against an increase in acidity (Kravirz et al. 2009).
Morteover, the sulphur cycle is closely interconnected
with biogeochemical cycles of all major and some mi-
nor elements (LINDBERG and LOVETT 1992) and of the
major elemental cycles it is one of the most heavily
perturbed by human activity (CHARLSON et al. 2000).

SO,, from the combustion of low-quality local
lignite with high contents of sulphur, was appar-
ently the principal ambient air pollutant in former
Czechoslovakia through the 1960s—1980s (MOLDAN
and ScHNOOR 1992). The high SO, levels were rec-
ognized as a co-factor of forest decline in Central
Europe (Fanta 1997) with the worst manifestation in
the former “Black Triangle”, the highly industrialised
region at the border of Czechoslovakia, Germany and
Poland. After the profound socio-economic changes
in Central Europe in the 1990s, the SO, emissions
were substantially reduced. While the reduction in
most European countries accounted for ca. 60% be-
tween 1990 and 2004 (VESTRENG et al. 2007), it was
even nearly 90% over the Czech Republic (CR) as
reported by HUNOVA et al. (2004), and resulted in a
corresponding decrease in ambient SO, levels, and a

somewhat less substantial decrease in SO,* concen-
trations in precipitation and deposition of sulphur
(HuNovA et al. 2004). Nevertheless, in spite of the
fact that the air quality has considerably improved
since the early 1990s, which was accompanied by a
decreased average ionic content, the ion concentra-
tion in fog water still remains high as reported, e.g,,
for Saxony in Germany (LANGE et al. 2003).

The air pollution and precipitation chemistry
has been monitored over the Czech territory for a
long while and maps of atmospheric deposition are
regularly published (OstarNnickA 2009). The contri-
bution of the occult deposition has so far been ne-
glected, however. The chemistry of occult precipita-
tion is measured only at few sites in the CR (FIsAk et
al. 2002) and so the data that are available have very
limited use for spatial estimation of the contribution
of occult precipitation to deposition of ambient air
pollutants. Nevertheless, it is widely accepted that
the contribution of the occult precipitation is likely
to account for a substantial portion of the total at-
mospheric deposition both regarding its quantity
and quality, particularly at elevated sites (ALEKSIC et
al. 2009; BRIDGES et al. 2002; THALMANN et al. 2002;
ZIMMERMANN and ZIMMERMANN 2002) and can lead
to significant fluxes locally (SEINFELD and PANDIS
1998).

The efficiency of occult precipitation varies sig-
nificantly from site to site depending on many factors
such as altitude, aspect, the relative height of a wind-
ward slope, and the screening effect of surrounding
relief. The highest potential efficiency of occult pre-
cipitation has been observed at high elevated slopes
and ridges exposed to humid air masses with low-
lands at the windward side (Sosik and Bras 2008).
The phenomenon referred to as the “edge effect”
further contributes to the high variability in occult
deposition locally. The trees on the edge of the for-
est stand, well exposed to the wind, are much more
efficient in collecting occult precipitation than the
trees inside the forest (WEATHERS et al. 1995; SoBik
and Bras 2008).

We present an approach for providing a spatial
estimation of the contribution of the occult pre-
cipitation to the true atmospheric sulphur deposi-
tion across the territory of the CR, based on differ-
ences in two deposition models for forested area: 1.
the throughfall sulphur deposition model and 2. the
sulphur deposition model calculated from dry plus
wet-only sulphur deposition. A map showing the dif-
ference between the two models in S deposition for
Czech forested areas in 1x1 km resolution for 2008 is
presented and its dependence on altitude is assessed.
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2 Study area, data and methods

This paper presents our analysis for the Czech
forested area, which accounts for ca. 33% (represent-
ing 26 430 km?) of the entite surface area. Norway
spruce (Picea abies), an important timber tree, is the
dominant species covering nearly 48% of the total
forested area. Pine trees (Pinus spp.), with 14%, rank
second. The coniferous forests account for 67%
of the Czech forested area. Oak (Quercus spp.) with
7.4% and beech (Fagus sylvatica) with 7.2% are the
most common deciduous species (Unur. 2007).

We collated all available data on precipitation
chemistry which were available. Figure 1 presents
the atmospheric deposition sampling sites; we used
19 wet-only, 30 bulk and 26 throughfall sites. The
sites for monitoring precipitation chemistry are dis-
tributed unevenly across the CR. The highest den-
sity of sites is in the border mountains, particularly
in the northern and western portions and in the
Czech-Moravian uplands. Apart from the sites in-
cluded in the national ambient air quality monitor-
ing network run by the Czech Hydrometeorological
Institute (CHMI), we also used the data from sites
operated by the Czech Geological Survey, Forestry
and Game Management Research Institute and T.G.

!

Masaryk Water Research Institute. For improving
the interpolation in border region we used the data
provided by the German LfULG and Polish WIOS
and IMGW.

2.1 Sulphur deposition
2.1.1 Wet-only sulphur deposition

Automated wet-only samplers (Fig. 2) that were
placed in open atreas and operated on weekly/daily
basis provided the concentration of SO,* in rain
and snow. These data are supported by the meas-
urements of bulk samplers operating on a monthly
basis. The concentration of SO,* was determined
by ion chromatography. The bulk $/SO,* data were
corrected using the empirical factor of 0.83 derived
from collocated samplers to enable merging of the
results of wet-only and bulk samplers. The spatial
pattern of the wet-only deposition was derived from
the annual mean concentration of S/SO 42’ measured
at individual sites monitoring the chemical composi-
tion of precipitation and annual precipitation totals
recorded at 750 precipitation gauging sites by stand-
ard gauges.

A Throughfall

Y% Bulk

O Wet-only

% Bulk/throughfall
B Wet-only/throughfall
[N y/throughta

Fig. 1: Monitoring network of the atmospheric deposition, 2008. The sites which are numbered measure both throughfall
and bulk/wet-only deposition and were used for estimation of the contribution of occult precipitation to sulphur deposition

presented in table 1
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Fig. 2: Wet-only sampler, site Kocelovice

2.1.2 Throughfall sulphur deposition

The throughfall deposition is measured un-
der the forest canopy. It is a relatively simple and
economically feasible method, well applicable in a
complex terrain. 26 monitoring sites across the CR
sample throughfall (Fig. 3); most of the sites are
situated in the spruce forests, two are in oak, one
in pine and one in beech forests. The precipitation
amount of throughfall in winter is measured volu-
metrically by buckets. For developing the spatial
pattern of the throughfall deposition of S/SO42',
the field of annual precipitation totals is corrected
by the empirical coefficient derived as a ratio be-
tween the water quantity (precipitation volume) in
throughfall and bulk samples for individual sites.

2.1.3 Dry sulphur deposition
We calculated the dry sulphur deposition from

the field of annual mean concentration of SO, and
SO, deposition velocity of 0.7 cm.s™ (0.35 cm.s™)

for forested (unforested) areas. SO, is measured
by UV fluorescence (at stations measuring in real-
time) and by West-Gacke or ion chromatography
techniques (at manually operated sites).

2.2 Model/map

For elucidation of preparing the two deposition
models, we present the scheme with all the input
maps used to create Model 1 corresponding to the
throughfall deposition and Model 2 corresponding
to the dry plus wet-only deposition, often referred
to as the “total” deposition (Fig. 4). The maps of S/
SO, * concentrations in throughfall and wet-only/
bulk, as well as the map of throughfall/bulk wa-
ter quantity ratio, were prepared using the Inverse
Distance Weighted (IDW) spatial interpolation
technique (e.g., Isaaks and Srivastava 1989). The
network for monitoring the precipitation chemis-
try is sparse. Therefore the spatial interpolation
was run in two steps. The values resulting from
the first run were extracted to the regular 20 x 20
km point network and the secondary interpolation
round was applied on the newly generated regu-
lar network 1 x 1 km for smoothing purposes. In
contrast, the network measuring the precipitation
totals is fairly dense (750 sites) so it was possible
to apply more sophisticated interpolation method,
the universal linear kriging taking into account
the dependence of precipitation totals on altitude
(Torasz et al. 2007). The field of annual mean SO,
concentration was constructed based on IDW in-
terpolation of the values recorded at 117 measuring
sites in combination with the Gaussian dispersion
model SYMOS 97 (EEA 2010), a reference model-
ling method in the CR, calculating the concentra-
tions using the detailed emission inventories for the
CR and relevant meteorological data (OSTATNICKA
2009). The SO, map was derived using assimilation

Fig. 3: Throughfall sampling, site KoSetice
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Fig. 4: Diagram showing the inputs into the Model 1 and Model 2
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of measured and modelled data with subsequent
interpolation of residuals. All maps were prepared
with the ArcGIS Geostatistical Analyst (JOHNSTON
et al. 2001).

2.3 Dependence of sulphur deposition differ-
ence on altitude

The relation between the difference in sulphur
deposition between the two models at 1 x 1 km
resolution (n = 20,479 cells) was assessed by linear
regression.

3 Results

The information about the role played by the
occult precipitation in water as well as chemical in-
put based on the measurements at individual sites,
ranked according to the altitude, is given in table 1.
Records from 25 sites measuring both throughfall
and bulk/wet-only deposition are presented. The

contribution of occult precipitation to sulphur depo-
sition varies widely among the sites.

Figure 5 shows the annual throughfall deposi-
tion of sulphur §/SO,* (Model 1), figure 6 presents
the annual deposition of sulphur calculated from dry
and wet deposition (Model 2). The difference be-
tween the two models, reflecting the contribution of
occult deposition, is presented in figure 7. On 68%
of the Czech forested area, the occult deposition in
2008 ranged between 0-0.5 gm?.year”, on 25% be-
tween 0.5-1 gm™?.year’, on 3.5 between 1-1.5 gm™.
year’, and on 0.7% it was above 1.5 gm?yeatr'. On
ca. 3% of the Czech forested area, the difference be-
tween the two models was less than 0 gm?.year™.
These negative values are an artefact. Figure 8 shows
the relation between sulphur deposition attributed to
occult precipitation and altitude.

4 Discussion

It is evident there are many uncertainties linked
to estimating individual components of atmospheric

Tab. 1: Precipitation amounts and sulphur deposition measured at the individual sites, 2008 annual values

Site Precipitation amount [mm)] Sulphur deposition [g-m™]
Altitude Throughfall Outside the Difference Throughfall Wet Dry Total Difference
[ma.s.] (TH) forest (O) TH-O [%] (TH) only (T) TH-T [%]

1 Buchlovice 350 379 591 36 0.6 0.4 0.3 0.7 -17
2 Benesovice 385 484 663 27 0.6 0.3 0.3 0.6 0
3 Lesni potok 400 282 566 50 0.9 0.2 0.4 0.7 22
4 Biezka 435 390 492 21 0.5 0.3 0.4 0.7 -40
5 Zelivka 440 328 562 42 0.6 0.4 0.3 0.7 -17
6 Loukov 500 439 589 25 1.2 0.4 0.1 0.6 50
7 Polomka 512 572 771 26 1.3 0.3 0.2 0.6 54
8 Kosetice 535 265 505 48 0.9 0.2 0.1 0.3 67
9 Salac¢ova Lhota 557 271 550 51 0.9 0.7 0.3 0.9 0
10 Kamyk-Vsetec¢ 593 395 573 31 0.5 0.3 0.2 0.5 0
11 Vojitov-Lasenice 595 418 771 46 0.9 0.5 0.2 0.7 22
12 Cervik 640 795 970 18 1.1 0.4 0.2 0.6 45
13 Nova Brtnice 640 411 633 35 1.5 0.4 0.2 0.7 53
14 Klepacka 650 948 1180 20 1.6 0.6 0.2 0.8 50
15 Litavka 710 380 669 43 2.1 0.2 0.2 0.4 81
16 Pluhav bor 753 561 812 31 0.9 0.3 0.2 0.5 44
17 Uhlifska 780 1046 1243 16 1.5 0.7 0.4 11 27
18 Jezeti 820 681 780 13 2.8 0.4 1.1 1.6 43
19 Na lizu 828 528 895 41 0.7 0.3 0.2 0.5 29
20 Lysina 867 772 1033 25 0.6 0.5 0.2 0.7 -17
21 Lazy 875 714 813 12 1.4 0.4 0.2 0.7 50
22 U dvou loucek 880 1366 1186 -15 4.8 0.6 0.2 0.8 83
23 Jizerka 910 1275 1312 3 2 1 0.3 1.3 35
24 Misecky 940 1362 1740 22 1.1 0.9 0.2 1.2 -9
25 Modry potok 1010 1084 1877 42 2.4 0.5 0.2 0.7 71
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Fig. 5: Annual throughfall deposition of sulphur (Model 1) for forested area, 2008

deposition. We can reasonably assume that the high-
est uncertainties are in modelling dry deposition, pat-
ticularly in dry deposition velocity. The deposition
velocity varies temporally and spatially and depends
on underlying surface type, meteorological condi-
tions, season and time of day (Brook et al. 1997).
The deposition velocity is measured experimentally
using technically demanding micrometeorological
methods (BAaLpoccHl et al. 1988). The practical way
of quantifying the dry deposition is the application
of inferential models (Brook et al. 1997). The depo-
sition velocity for SO, ranges between 0.1-4 cm.s’!
depending on the type of surface (BROOK et al. 1999).
The highest values ate reported over water surfaces;
for coniferous forests, the velocity ranges between
0.1-2.5 cm.s™ (Tab. 2).

The value of 0.7 cm.s™ for forested areas, which
we used in our calculations, corresponds to the val-
ue reported for coniferous forests in Netherlands
(ErismMAN 1994). It is obvious that using one value
across all Czech forested area is a significant simpli-
fication and even a minor change in used deposition
velocity value is likely to result in substantial change
in dry deposition.

The wet-only S deposition is, to our best knowl-
edge, fairly reliable. The field of annual precipitation
totals was generated from data measured by standard
methods at 750 sites across the CR, taking into ac-
count the altitude’s effect on precipitation. We inte-

grated the altitude, which is beneficial for improve-
ment of the precipitation map, as was shown earlier
for example for Great Britain (LLoyp 2005). The
precipitation totals are much more variable as com-
pared to the S/SO,*concentration in wet-only and
bulk samples across the CR (HuNovA 2003).

Based on the equation of canopy water balance
method suggested by LoverT (1988), it would be cor-
rect also to account for the input by stemflow depo-
sition (LEviA and Frost 2003). For Northern Italy,
Bint and Bresort (1998) reported that the SO,* con-
centration is enriched in stemflow by a factor of 2
for spruce forests and by a factor of 2.5 for beech
forests. In a review of 19 papers reporting on the
quantity of water deposited by stemflow, the estimate
for spruce forests ranges between 0.5—-3% of the pre-
cipitation amount in an open area (KANTOR 1983).
Considering the above data, we estimated that the
stemflow deposition in our spruce forests account-
ed for less than 5% of the throughfall deposition.
Consequently the stemflow deposition was neglected
in our analysis in agreement with many other studies
focusing on deposition in spruce forests (e.g., JOST et
al. 2004). We are aware, however, that for the beech
forests (and likely for other deciduous species) the
stemflow deposition must be higher (KANTOR 1983)
and thus by neglecting it, our estimate may be biased
and too low for the 15% of the area with deciduous
forests.
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Fig. 7: Occult deposition determined from the difference between Model 1 and Model 2 for forested area, 2008

Precipitation interception was not treated in our  and FrosT 2006; ANDRE et al. 2011). The meteorologi-
model. The interception of forests is an important cal factors (precipitation amount and intensity, evap-
component of the hydrological budget, varies widely — oration rate, wind speed, time intervals between suc-
and depends on storage capacity of the canopy and  cessive events) and biological factors (canopy struc-
the nature of precipitation (WHELAN etal. 1996; LEvia  ture affected by stand density and species composi-
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tion) are important modifiers of the interception. The
share of precipitation interception at our sites, given
as a difference between the throughfall and precipita-
tion amount outside the forest, is presented in table 1.
Due to the complication of the interception process,
we did not attempt to estimate it in our interpolation.
We are aware, however, that neglecting the intercep-
tion results in underestimation of the share of occult
precipitation and our results, consequently, are lower
than the real values. The phenomenon of the “edge
effect” was not accounted for due to the spatial reso-
lution of the model.

For spatial interpolation of the values measured
at individual sites, we applied different interpolation
techniques regarding the density of the measuring
network. Caution is required when inferring region-
al deposition from a network of sparse monitoring
sites (SicKLES et al. 2009). For interpolation of the
precipitation chemistry, we used a relatively simple
deterministic IDW method since with respect to the
geo-statistics, the number of sites is very low. The
advantage of this method is that after interpolation,
the values measured at the sites remain the same. For
interpolation of precipitation totals, kriging was used
as the network is fairly dense.

Theoretically, the difference in the two models
includes — apart from the occult deposition — also the
$/SO,* from aerosol. We could not account for sul-
phate aerosol when estimating the dry deposition, be-
cause our measurements are strongly limited. Based
on the information from the only three sites we have,
we assumed that S/SO 42’ from aerosol at forested sites
is so low that it can be neglected. We are aware, how-
ever, that it is a very rough estimation.

Our result that the deposition of sulphur attribut-
able to the occult deposition increases with increas-
ing altitude (Fig. 8) meets the assumption based on

4

scientific literature (e.g., SEINFELD and PANDIS 1998;
ZIMMERMANN and ZIMMERMANN 2002). Interestingly,
we have found the largest scatter in occult S deposi-
tion in the altitude range between ca. 550-1000 m
a.s.l. Geographically, the highest flux is found in the
Orlicke hory Mts. and Jeseniky Mts., adjacent to the
border with Poland. The plausible explanation might
be the different processes leading to occult precipi-
tation at these altitudes, particularly the mountain
valleys, where the occult deposition may be related
cither to radiation fog, orographic slope fog or low
clouds (DorE et al. 1999). BLAS et al. (2010) report
significant differences in chemistry depending on fog
origin for Polish sites. The explanation of this phe-
nomenon will require further analysis, however.

For partial verification of our results, we used
the data from direct measurements of fog chemis-
try measured by the Institute for Hydrodynamics,
Academy of Science of the CR. The fog deposition
of $/S0,% accounted for 0.49 gm?year' for the
Sumava, 0.72 gm™.year' for the Krkonose and 1.57
gm?.year’ for the Jizerské hory Mts. (Tesaf, personal
communication), which corresponds fairly well with
our results.

Our results can be considered as the first step of
the presented methodological approach. In an out-
look, it would be of interest to analyze the temporal
trends in occult precipitation contribution to the at-
mospheric deposition of sulphur. Moreover, it would
be most interesting to identify the likely factors driv-
ing the expected high inter-annual variability in this
contribution.

A question arises to what extent this approach is
applicable for other chemical species in atmospheric
deposition. Particularly, the analysis for nitrogen dep-
osition would be of interest due to the remaining high
loads (ILORENZ et al. 2008), despite large reduction of

w

3 y=0.0008(+/-0.000008)x-0.0274
R?=0.284
Std. err.= 0.258

N

Occult S deposition [g'm-2-year]

2 :
0 250

T 1
1000 1250 1500

Altitude (m a.s.l.)

Fig. 8: Relation between occult S deposition and altitude
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Tab. 2: Review of SO, deposition velocities
Type of Vegetation Detail information SO, deposition Reference
velocity [cm.s™]
Coniferous forest
Coniferous forest Winter 0.1 JoHANssoN et al. (1983)
Coniferous forest Dry autumn Sweden 0.33 GrANAT and RICHTER
(pine) (1995)
Coniferous forest USA 0.39 MILLER et al. (1993)
(spruce-fir)
Coniferous forest Summer 0.5 JOHANSSON et al. (1983)
Coniferous forest (fir) Dry day 0.7 ErisMAN (1994)
Netherlands
Coniferous forest (fir) Dry night 0.7 ErisMAN (1994)
Netherlands
Coniferous forest Denmark 1.1 Hovmanp and Kemp
(spruce) (19906)
Coniferous forest Germany 1.32 ZIMMERMANN et al.
(spruce) (Ore mountains) (20006)
Coniferous forest (fir) Netherlands 1.5 ERrisMAN et al. (1999)
Coniferous forest (fir) Wet day 2.3 Erisman (1994)
Netherlands
Coniferous forest (fir) Wet night 2.5 ErismaN (1994)
Netherlands
Deciduous forest
Deciduous forest Winter night 0.1 ERrismAN (1994)
Canada
Deciduous forest Dry winter day 0.3 ErismaN (1994)
Canada
Deciduous forest Austria 0.31 Puxsaum and GREGORI
(oak) (1998)
Deciduous forest Wet winter day 0.6 ErismAN (1994)

Canada

NO_emissions throughout Europe (FAGERLI and AAs
2008) It is generally accepted, however, that many
ions participate in inner cycle of trees. While some
ions (Ca*, K, Mgz*) are released from vegetation
during precipitation, in contrast, others (NO,, NH,",
H) enter the vegetation. SO,* alongside W1th Na
and CI' do not interact Wlth vegetation (LLINDBERG
and LoverT 1992). This approach, however, might
give at least the estimation of lower occult deposition
value for ions entering the vegetation and upper oc-
cult deposition value for ions released by vegetation.

The presented results are rough estimations, but
can be considered the best available at the moment
for the Czech Republic.

5 Conclusions
Our preliminary results, based on a geo-statis-

tical modelling approach, indicate that the contri-
bution of occult precipitation to sulphur deposi-

tion is significant, varies in a wide range, and is
dependent on altitude. On 68% of the Czech for-
ested area, the occult deposition in 2008 ranged
between 0-0.5 gm?.yeat”, on 25% between 0.5-1
gm?year’, on 3.5% between 1-1.5 gm?.year”, and
on 0.7% it was above 1.5 gm?.year’. In relative
terms, in 2008 the occult precipitation contribu-
tion to sulphur deposition over the Czech forested
area was up to 200% in 99% of the grid cells, and
in the remaining 1% of the grid cells it even ranged
between 200—-400%. Across ca. 50% of the Czech
forested area 50—100% of sulphur deposition was
contributed by occult precipitation. Our results
indicate that when using the maps of the “total
deposition” derived from wet and dry deposition
without accounting for the occult deposition, we
are likely to underestimate substantially the true
atmospheric deposition and consequently its pos-
sible impacts on ecosystem health and nutrient
status.



2011 L. Hiinovd et al.: The contribution of occult precipitation to sulphur deposition in the Czech Republic 257
Acknowledgements Brook, J. R.; Di-Giovanni, E; CAKMAK, S. and MEYERS, T.

The input data on meteorology and precipitation
chemistry used for the analysis were provided by
the Czech Hydrometeorological Institute, the data
on bulk and throughfall deposition by the Czech
Geological Survey, Forestry and Game Management
Research Institute and T.G. Masaryk Water Research
Institute. The data on deposition chemistry for bor-
der zones were provided by the German Landesamt
fur Umwelt, Landwirtschaft und Geologie, Dresden
(LfULG) and by the Polish Wojewodski Inspektorat
Ochrony Srodowiska, Jelenia Gora (WIOS) and
the Instytut Meteorologii i Gospodarki Wodnej
(IMGW), Wroclav. All data were retrieved from the
Air Quality Information Database operated by the
CHMI. We greatly acknowledge Miroslav Tesaf from
the Czech Academy of Science who kindly provided
us with his data on fog chemistry, which we used for
partial verification of our results. We would like to
thank two anonymous reviewers for their comments
and suggestions.

References

Areksic, N.; Roy, K; Sistia, G.; Dukert, J; Houck, N.
and Casson, P. (2009): Analysis of cloud and precipita-
tion chemistry in Whiteface Mountain, NY. In: Atmos-
pheric Environment 43, 2709-2716. DOI: 10.1016/j.
atmosenv.2009.02.053

ANDRE, E; JoNARD, M.; JoNARD, F and PoNETTE, Q. (2011):
Spatial and temporal patterns of throughfall volume in
a deciduous mixed-species stand. In: Journal of Hydrol-
ogy 400, 244-254. DOLI: 10.1016/j.jhydrol.2011.01.037

Barpocchi, D. D,; Hicks, B. B. and MEevgrs, T. P. (1988):
Measuring biosphere-atmosphere exchanges of biologi-
cally related gases with micrometeorological methods.
In: Ecology 69, 1331-1340. DOI: 10.2307/1941631

Bing, C. and Bresor, E (1998): Soil acidification by acid rain
in forest ecosystem: a case study in northern Italy. In:
The Science of the Total Environment 222, 1-15. DOL:
10.1016/80048-9697(98)00239-3

Bras, M.; Porkowska, Z.; SoBik, M.; KrivaszEwska, K;
Novixskl, K. and Namiesnik, J. (2010): Fog water
chemical composition in different geographic regions in
Poland. In: Atmospheric Research 95, 455-469. DOI:
10.1016/j.atmosres.2009.11.008

Bripcrs, K. S,; JickeLrs, T. D.; Davies, T. D ZEMAN, Z. and
HuNova, 1. (2002): Aerosol, precipitation and cloud water
observations on the Czech Krusne Hory plateau adjacent
to a heavily industrialised valley. In: Atmospheric Environ-
ment 36, 353-360. DOL: 10.1016/S1352-2310(01)00388-0

P. (1997): Estimation of dry deposition velocity using
inferential models and site-specific meteorology — un-
certainty due to siting of meteorological towers. In: At-
mospheric Environment 31, 3911-3919. DOI: 10.1016/
§1352-2310(97)00247-1

Brook, J. R;; ZHANG, L.; LI, Z. and Jounson, D. (1999):
Description and evaluation of a model of deposition
velocities for routine estimates of dry deposition over
North America. Part II: review of past measurements
and model results. In: Atmospheric Environment 33,
5053-5070. DOI: 10.1016/S1352-2310(99)00251-4

CHARLSON, R. J.; ANDERsON, T. L. and McDurr, R. E. (2000):
The sulfur cycle. In: Jacosson, M. C.; CHARLSON, R. J;
RobHE, H. and Orians, G. H. (eds.): Earth system sci-
ence. From biogeochemical cycles to global change. In-
ternational Geophysics Series 72. Amsterdam, 343—-359.

Dorg, A. J.; Sosik, M. and Micara, K. (1999): Patterns of
precipitation and pollutant deposition in the western Su-
dete mountains, Poland. In: Atmospheric Environment
33, 3301-3312. DOI: 10.1016/81352-2310(98)00294-5

EEA (2010): Model documentation system. http://air-cli-
mate.cionet.eu.int/databases/mds.html (7.10.2010).

ERrismMAN, J. W, (1994): Evaluation of a surface resistance param-
eterization of sulphur dioxide. In: Atmospheric Environ-
ment 28, 2583-2594. DOI: 10.1016/1352-2310(94)90432-4

Erismax, J. W; HoceEnkamp J. E. M.; Purten E. M.; Urr-
ERWIK J. Wi; Kemkers E.; Wiese C. J. and MENNEN
M. G. (1999): Long-term continuous measurements
of SO, dry deposition over the Speulder forest. In:
Water, Air, and Soil Pollution 109, 37-262. DOI:
10.1023/A:1005097722854

Facgerey, H. and Aas, W. (2008): Trends of nitrogen in air and
precipitation: model results and observations at EMEP
sites in Europe, 1980-2003. In: Atmospheric Environ-
ment 154, 448-461. DOI: 10.1016/j.envpol.2008.01.024

FaNTa, J. (1997): Rehabilitating degraded forests in Central
Europe into self-sustaining forest ecosystems. In: Eco-
logical Engineering 8, 289-297. DOI: 10.1016/S0925-
8574(97)00024-4

Fisak, J.; TEsAR, M.; REzacova, D.; ELias, V. WEIGNEROVA,
V. and Forrova, D. (2002): Pollutant concentrations in
fog and low cloud water at selected sites of the Czech
Republic. In: Atmospheric Research 64, 75-87. DOL:
10.1016/S0169-8095(02)00081-9

GrANAT, L. and RicHTER, A. (1995): Dry deposition to pine
of sulphur dioxide and ozone at low concentrations.
In: Atmospheric Environment 29, 1677-1683. DOI:
10.1016/1352-2310(95)00036-X

Hovmanp, M. F. and Kempe, K. (1996): Downward trends
of sulphur deposition to Danish spruce forest. In:
Atmospheric Environment 30, 2989-2999. DOI:
10.1016/1352-2310(95)00471-8


http://dx.doi.org/10.1016/j.atmosenv.2009.02.053
http://dx.doi.org/10.1016/j.atmosenv.2009.02.053
http://dx.doi.org/10.1016/j.jhydrol.2011.01.037
http://dx.doi.org/10.2307/1941631
http://dx.doi.org/10.1016/S0048-9697(98)00239-3
http://dx.doi.org/10.1016/j.atmosres.2009.11.008
http://dx.doi.org/10.1016/S1352-2310(01)00388-0
http://dx.doi.org/10.1016/S1352-2310(97)00247-1
http://dx.doi.org/10.1016/S1352-2310(97)00247-1
http://dx.doi.org/10.1016/S1352-2310(99)00251-4
http://dx.doi.org/10.1016/S1352-2310(98)00294-5
http://air-climate.eionet.eu.int/databases/mds.html
http://air-climate.eionet.eu.int/databases/mds.html
http://dx.doi.org/ 10.1016/1352-2310(94)90432-4

http://dx.doi.org/10.1023/A:1005097722854
http://dx.doi.org/10.1016/j.envpol.2008.01.024

http://dx.doi.org/10.1016/S0925-8574(97)00024-4
http://dx.doi.org/10.1016/S0925-8574(97)00024-4
http://dx.doi.org/10.1016/S0169-8095(02)00081-9
http://dx.doi.org/10.1016/1352-2310(95)00036-X
http://dx.doi.org/10.1016/1352-2310(95)00471-8

258

ERDKUNDE

Vol. 65 - No. 3

Huonova, 1. (2003): Ambient air quality for the territory of
the Czech Republic in 1996-1999 expressed by three
essential factors. In: Science of the Total Environment
303, 245-251. DOI: 10.1016/S0048-9697(02)00493-X

Hunova, L; SANTROCH, J. and OstaTnICK4A, ] (2004): Am-
bient air quality and deposition trends at rural stations
in the Czech Republic during 1993-2001. In: Atmos-
pheric Environment 38, 887-898. DOI: 10.1016/j.at-
mosenv.2003.10.032

Isaaks, E. H. and Srivastava, R. M. (1989): An introduction
to applied geostatistics. Oxford.

Jonansson, C.; RicHTER, A. and Granar, L. (1983): Dry
deposition on coniferous forest of SO, at PPB levels.
In: PruppACHER, H. R.; SEMONIN, R. G. and StinN, W, G.
N. (eds.): Precipitation scavenging, dry deposition, and
resuspension 2: Dry deposition and resuspension. New
York, 775-784.

Jonnsron, K.; Ver Horr, J.; KrivoruchHko, K. and Lucas,
N. (2001): Using ArcGIS geostatistical analyst. ESRI,
Redlands.

Jost, G.; ScHumE, H. and HAGER, R. (2004): Factors control-
ling soil water-recharge in a mixed European beech (Fa-
gus sylvatica 1..) — Norway spruce [Picea abies (1..) Karst.]
stand. In: European Journal of Forest Research 123,
93-104.

KANTOR, P. (1983): Intercepéni ztraty smrkovych a bukovych
porostd (The interception losses in spruce and beech
forests). In: Vodohospodarsky casopis 31, 643-651. (in
Czech)

Kiemm, O. and WrzesINsKY, T. (2007): Fog deposition flux-
es of water and ions to a mountainous site in Central
Europe. In: Tellus 59B, 705-714. DOI: 10.1111/}.1600-
0889.2007.00287.x

Kravitz, B.; RoBock, A.; OmaN, L.; StENcHIKOV, G. and
MARQUARDT, A.B. (2009): Sulphuric acid deposition
from stratospheric geoingineering with sulfate aerosols.
In: Journal of Geophysical Research 114,114109. DOL:
10.1029/2009JD011918

Krupa, S. V. (2002): Sampling and physico-chemical analysis
of precipitation: a review. In: Environmental Pollution
120, 565-594. DOI: 10.1016/50269-7491(02)00165-3

Kumar, R.; Srivastava, S. S. and Kumari, K. M. (2008):
Modeling dry deposition of S and N compounds to
vegetation. In: Indian Journal of Radio & Space Physics
37, 272-278.

LaNGE, C. A.; MATSCHULLAT, J.; ZIMMERMANN, EF; STERZIK,
G. and WieNHAUS, O. (2003): Fog frequency and chemi-
cal composition of fog water-a relevant contribution to
atmospheric deposition in the eastern Erzgebirge, Ger-
many. In: Atmospheric Environment 37, 3731-3739.
DOI: 10.1016/81352-2310(03)00350-9

Levia, D. E, Jr. and Frost, E. E. (2003): A review and
evaluation of stemflow literature in the hydrologic

and biogeochemical cycles of forested and agricultural
ecosystems. In: Journal of Hydrology 274, 1-29. DOI:
10.1016/S0022-1694(02)00399-2

— (2000): Variability of throughfall volume and solute inputs
in wooded ecosystems. In: Progress in Physical Geog-
raphy 30, 605-632. DOI: 10.1177/0309133306071145

LINDBERG, S. E. and Lovert, G. M. (1992): Deposition and
forest canopy interactions of airborne sulfur: results
from the integrated forest study. In: Atmospheric En-
vironment 26 (A), 1477-1492. DOI: 10.1016/0960-
1686(92)90133-6

Lroyp, C. D. (2005): Assessing the effect of integrating ele-
vation data into the estimation of monthly precipitation
in Great Britain. In: Journal of Hydrology 308, 128—150.
DOI: 10.1016/j.jhydrol.2004.10.026

LoreNz, M.; NAGEL, H.-D.; GRANKE, O. and KrarT, P. (2008):
Critical loads and their exceedances at intensive forest
monitoring sites in Europe. In: Environmental Pollution
155, 426-435. DOI: 10.1016/j.envpol.2008.02.002

Loverr, G. M. (1988): A compatison of methods for es-
timating cloud water deposition to a New Hampshire
(USA) subalpine forest. In: UnswortH, M. H. and FowL-
ER, D. (eds.): Acid deposition at high elevation sites.
Dordrecht, 309-320.

MiLLer, E. Ki; PANEK, J. A.; FRIEDLAND, A. J.; KADLECEK,
J. and MonneN, V. A. (1993): Atmospheric deposition
to a high-elevation forest at Whiteface Mountain, NY
USA. In: Tellus 45B, 209-227. DOI: 10.1034/}.1600-
0889.1993.t01-2-00001.x

MorpaN, B. and ScHNOOR, J. L. (1992): Czechoslovakia:
examining a critically ill environment. In: Environmen-
tal Science & Technology 26, 14-21. DOIL: 10.1021/
es00025a001

Mvyies, L.; Dososy, R. J.; MEYERs, T. P. and PENDERGRASS,
W R. (2009): Spatial variability of sulphur dioxide and
sulphate over complex terrain in Fast Tennessee, USA.
In: Atmospheric Environment 43, 3024-3028. DOI:
10.101 6/j.atmosen\f.2009.03.007

OSTATNICKA, J. (ed.) (2009): Air pollution in the Czech Re-
public in 2008. CHMI. Prague.

Puxsaum, H. and GrReGORrL, M. (1998): Seasonal and annual
deposition rates of sulphur, nitrogen and chloride spe-
cies to oak forest in north-eastern Austria (Wolkersdorf,
240 m a.sl). In: Atmospheric Environment 32, 3357—
3568. DOI: 10.1016/S1352-2310(98)00073-9

SeiNrELDT, J. H. and Panpis, S0 N. (1998): Atmospheric
chemistry and physics. New York.

Sickies, J. E., 1I; SHADWICK D. S.; Kirary, J. V. and Grivm,
J. WZ (2009): Errors in representing regional acid depo-
sition with spatially sparse monitoring: case studies of
the eastern US using model predictions. In: Atmos-
phertic Environment 43, 2855-2861. DOIL: 10.1016/j.
atmosenv.2009.03.018


http://dx.doi.org/10.1016/S0048-9697(02)00493-X

http://dx.doi.org/10.1016/j.atmosenv.2003.10.032
http://dx.doi.org/10.1016/j.atmosenv.2003.10.032
http://dx.doi.org/10.1111/j.1600-0889.2007.00287.x
http://dx.doi.org/10.1111/j.1600-0889.2007.00287.x
http://dx.doi.org/10.1029/2009JD011918
http://dx.doi.org/10.1016/S1352-2310(03)00350-9
http://dx.doi.org/10.1016/S0022-1694(02)00399-2
http://dx.doi.org/10.1177/0309133306071145
http://dx.doi.org/10.1016/0960-1686(92)90133-6
http://dx.doi.org/10.1016/0960-1686(92)90133-6
http://dx.doi.org/10.1016/j.jhydrol.2004.10.026
http://dx.doi.org/10.1016/j.envpol.2008.02.002
http://dx.doi.org/10.1034/j.1600-0889.1993.t01-2-00001.x
http://dx.doi.org/10.1034/j.1600-0889.1993.t01-2-00001.x
http://dx.doi.org/10.1021/es00025a001
http://dx.doi.org/10.1021/es00025a001
http://dx.doi.org/10.1016/j.atmosenv.2009.03.007
http://dx.doi.org/ 10.1016/S1352-2310(98)00073-9
http://dx.doi.org/10.1016/j.atmosenv.2009.03.018
http://dx.doi.org/10.1016/j.atmosenv.2009.03.018

2011 L. Hiinovd et al.: The contribution of occult precipitation to sulphur deposition in the Czech Republic 259

Sosixk, M. and Bras, M (2008): Natural and human impact
on pollutant deposition in mountain ecosystems with
the Sudetes as an example. In: EE’08 Proceedings of the
3rd TASME/WSEAS international conference on Ener-
gy & environment. Cambridge, 355-359.

StacHURrsKl, A. and ZIMKA, J. R. (2002): Atmospheric deposi-
tion and ionic interactions within a beech canopy in the
Karkonosze Mountains. In: Environmental Pollution
118, 75-87. DOI: 10.1016/S0269-7491(01)00238-X

THALMANN, E.; BURKARD, R.; WRZzESINSKY, T.; EUGSTER, W.
and KrLemym, O. (2002): Ton fluxes from fog and rain to
an agricultural and a forest ecosystem in Europe. In: At-
mospheric Research 64, 147-158. DOL: 10.1016/S0169-
8095(02)00087-X

Torasz, R.; MikovA, T.; VALERIANOVA, A. and VOZENILEK, V.
(2007): Climate Atlas of Czechia. Cesky hydrometeoro-
logicky ustav, Univerzita Palackého. Praha.

UHUL (2007): Narodni inventarizace lesi v Ceské republice
2001-2004/ National inventarisation of forests in the
Czech Republic in 2001-2004. Brandys n. Labem. (in
Czech)

VESTRENG, V.; MYHRE, G.; FacerLy, H.; REis, S. and Tar-
RASON, L. (2007): Twenty-five years of continuous
sulphur dioxide emission reduction in Europe. In: At-
mospheric Chemistry and Physics 7, 3663-3681. DOI:
10.5194/acp-7-3663-2007

WeaTHERS, K.; LoverTt, G. and Likexs, G. (1995): Cloud
deposition to a spruce forest edge. In: Atmospheric
Environment 29, 665-672. DOL 10.1016/1352-
2310(94)00317-E

WeskeLy, M. L. and Hicks, B. B. (2000): A review of the
current status of knowledge on dry deposition. In: At-
mospheric Environment 34, 2261-2282. DOL: 10.1016/
S$1352-2310(99)00467-7

WHELAN, M. J. and ANDERSON, J. M. (1996): Modelling spa-
tial patterns of throughfall and interception loss in a
Norway spruce (Picea abies) plantation at the plot scale.
In: Journal of Hydrology 186, 335-354. DOL: 10.1016/
S0022-1694(96)03020-X

ZIMMERMANN, E; Pressow, K.; Queck, R.; BERNHOFER, C.
and MarscuuLLAT, ]. (2006): Atmospheric N- and S-
fluxes to a spruce forest — comparison of inferential
modelling and the throughfall method. In: Atmos-
pheric Environment 40, 4782-4796. DOI: 10.1016/j.
atmosenv.2006.03.056

ZIMMERMANN, L. and ZiMMERMANN, F. (2002): Fog deposition
to Norway spruce stands at high-elevation sites in the
Easter Erzgebirge (Germany). In: Journal of Hydrology
256, 166-175. DOI: 10.1016/S0022-1694(01)00532-7

Authors

RNDr. Iva Hanova CSc.

Mgr. Pavel Kurfirst

Mgr. Jana Maznova

RNDrz. Markéta Conkova

Czech Hydrometeorological Institute,
Ambient Air Quality Department
Impact and Risk Asessment Group
Na Sabatce 17

143 06 Prague 4 - Komorany
Czech Republic

hunova@chmi.cz


http://dx.doi.org/10.1016/S0269-7491(01)00238-X
http://dx.doi.org/10.1016/S0169-8095(02)00087-X
http://dx.doi.org/10.1016/S0169-8095(02)00087-X
http://dx.doi.org/10.5194/acp-7-3663-2007
http://dx.doi.org/10.1016/1352-2310(94)00317-E
http://dx.doi.org/10.1016/1352-2310(94)00317-E
http://dx.doi.org/10.1016/S1352-2310(99)00467-7
http://dx.doi.org/10.1016/S1352-2310(99)00467-7
http://dx.doi.org/10.1016/S0022-1694(96)03020-X
http://dx.doi.org/10.1016/S0022-1694(96)03020-X
http://dx.doi.org/10.1016/j.atmosenv.2006.03.056
http://dx.doi.org/10.1016/j.atmosenv.2006.03.056
http://dx.doi.org/10.1016/S0022-1694(01)00532-7

