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Monitoring and modelling of the deposition of sulphur and nitrogen components and the exposure of
ozone has gained much progress through the research within BIATEX.
Abstract
Monitoring and modelling of deposition of air pollutants is essential to develop and evaluate policies to abate the eﬀects related
to air pollution and to determine the losses of pollutants from the atmosphere. Techniques for monitoring wet deposition ﬂuxes are
widely applied. A recent intercomparison experiment, however, showed that the uncertainty in wet deposition is relatively high, up
to 40%, apart from the fact that most samplers are biased because of a dry deposition contribution. Wet deposition amounts to
about 80% of the total deposition in Europe with a range of 10–90% and uncertainty should therefore be decreased. During recent
years the monitoring of dry deposition has become possible. Three sites have been operational for 5 years. The data are useful for
model development, but also for model evaluation and monitoring of progress in policy. Data show a decline in SO2 dry deposition,
whereas nitrogen deposition remained constant. Furthermore, surface aﬃnities for pollutants changed leading to changes in
deposition. Deposition models have been further developed and tested with dry deposition measurements and total deposition
measurements on forests as derived from throughfall data. The comparison is reasonable given the measurement uncertainties.
Progress in ozone surface exchange modelling and monitoring shows that stomatal uptake can be quantiﬁed with reasonable
accuracy, but external surface uptake yields highest uncertainty.
Ó 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Deposition of air pollutants is an important loss
process for pollutants from the atmosphere and can
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cause severe damage to ecosystems. The loss from and
the emission to the atmosphere are also important for
modelling of long-range transport of secondary formed
particulate matter. Furthermore, ﬂuxes of ozone are
relevant for determining critical thresholds for eﬀects. In
order to develop eﬀective emission reduction options
and in order to monitor the progress in terms of reduced
deposition levels, a combination of modelling and
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measurement activities is needed (e.g. Erisman and
Draaijers, 1995). The measurements serve as independent checks on the modelled concentration and deposition ﬁelds and they serve as understanding of
surface exchange processes (e.g. Erisman et al., 2001).
Models serve to keep the link with emissions and to
assess eﬀective abatement strategies (e.g. Tarrason and
Schaug, 2000). Furthermore, there is a need for tools to
upscale results to sites where no measurements are
available (e.g. Erisman et al., 1998a). Deposition can
occur as wet, dry and cloud/fog deposition. Wet
deposition in Europe is routinely monitored in existing
networks, e.g. ECE-EMEP (Schaug et al., 1993); this is
not the case for dry and cloud/fog deposition of gases
and particulate matter, which is much more diﬃcult to
measure. On average in Europe, dry deposition accounts
for about 20% of the total deposition with a range of
10–90% (Erisman et al., 1998a). Dry deposition of gases
and aerosols is site speciﬁc, determined by factors such
as roughness of the surface, surface wetness, climate and
environmental factors. Total (throughfall) deposition in
forests is routinely measured at more than 400 intensive
monitoring sites of the EU/ICP Forest monitoring
programme (De Vries et al., 2001). Apart from these
monitoring programmes, several EU projects and
EUROTRAC activities have contributed to the needs
of monitoring and modelling of surface exchange of
trace gases and particles. In this paper a (limited)
overview of the monitoring and modelling results and its
evaluation are given with the aim of identiﬁcation the
current monitoring and modelling needs.

2. Wet and bulk deposition of sedimenting particles
2.1. Measuring wet and bulk deposition
Wet and bulk deposition is routinely monitored at
about 90 EMEP sites distributed over Europe and in
several national monitoring networks [e.g. Germany
(Brandenburg: Dämmgen and Zimmerling, 2002; Hesse:
Grünhage et al., 2002), UK (Smith et al., 2000), The
Netherlands (Erisman and Draaijers, 1995)]. Van
Leeuwen et al. (1996) compiled a wet deposition map
of Europe based on these measurements for the year
1995. Since then this exercise has not been repeated.
At Schagerbrug, a grassland site close to the Dutch
shore, a comparison experiment was conducted of bulk
and wet-only samplers used in diﬀerent national and EU
monitoring networks (Erisman et al., 2003). More than
90% of the samplers used are bulk samplers collecting
wet deposition and dry deposition of sedimenting
particles on the funnels. These results therefore exceed
the wet deposition ﬂux by 5–40%, depending on
location, climate, sampler construction and chemical
component. The results show that for bulk precipitation

ﬂuxes the required accuracy of 10% or less is realised for
only 5–40% of the samplers, depending on chemical
component. Bulk precipitation ﬂuxes of NO3, NH4C,
HC and Kjeldahl-N generally could be determined with
a larger accuracy than bulk precipitation ﬂuxes of
SO42, NaC, Cl, Mg2C, Ca2C, Alkalinity and HC.
Bulk precipitation ﬂuxes of KC generally had the lowest
accuracy. These results show that wet deposition, the
dominant input to ecosystems, is not determined
accurately enough for trends. An extensive discussion
of the factors inﬂuencing wet and bulk deposition of
sedimenting particles is given in Dämmgen et al.
(2004a). The most important factors determining the
uncertainty are: (i) the inﬂuence of dry deposition of
gases and aerosols on the funnels of the samplers; (ii)
construction and placement of the samplers; and (iii)
sample handling and analysis. Apart from the dry
deposition to the funnels, Zimmermann has identiﬁed all
the factors described in Dämmgen et al. in the ﬁrst paper
on requirements of wet deposition sampling in 1825
(Zimmermann, 1825)!
2.2. Modelling wet deposition
Modelling of wet deposition is done for years in
a very simple way by using scavenging coeﬃcients
together with precipitation amounts (e.g. Tarrason and
Schaug, 2000). This approach suﬃces for annual
average wet deposition inputs over large areas or if the
annual average loss of particles and gasses by wet
deposition needs to be known. Models can estimate the
annual average wet deposition with an accuracy of
about 25% (EMEP/CCC, 1996) for sulphur, oxidised
nitrogen, base cations reduced nitrogen. For reduced
nitrogen the contribution of local sources to the wet
deposition can be large in areas with high ammonia
emission intensities, resulting in large spatial variation in
ﬂuxes (e.g. Erisman and Draaijers, 1995). Recently there
is a development to more process-based models to
describe the formation of clouds and the precipitation
processes (e.g. Jung et al., 2003; Loosmore and Cederwall, 2004). These models can describe event based wet
deposition ﬂuxes but are still inadequate to describe
annual average ﬂuxes over Europe.

3. Dry deposition of gases and aerosols
3.1. Monitoring dry deposition
Several long-term ﬂux monitoring stations for SO2,
NOx, O3 and NH3 have been established in Europe
(Erisman et al., 2001). Measurements were performed at
three core stations: Auchencorth (Scotland), peat bog
vegetation 10 cm high in semi-background conditions;
Speuld (The Netherlands), a forest site with pine trees of
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about 20 m height in a polluted area; and Melpitz
(Germany), a grassland site with vegetation height of
about 15 cm, also in a source region. On all locations
measurements are performed in towers. Vertical gradients of the concentrations of SO2, NOx and NH3 are
continuously measured, together with meteorological data by a sonic anemometer. The change of
the concentration with height is used to calculate the
deposition ﬂux. Such measurements have provided the
major progress in understanding the processes, which
regulate long-term surface-atmosphere ﬂuxes. The three
sites (Speulder forest in The Netherlands, Auchencorth
in Scotland and Melpitz in Germany) represent diﬀerent
regions in Europe to estimate local inputs and to
validate deposition models, which are currently used
or developed to estimate ecosystem speciﬁc deposition in
Europe. Fluxes at Auchencorth Moss are lowest for all
components, except for those components much inﬂuenced by the sea as a source. As Melpitz is located far
away from seas, these components are lowest at this site.
Wet deposition is the dominant source of input at
Auchencorth, whereas at Speulder forest, through its
roughness and pollution climate, dry deposition is
dominant. At this site dry deposition velocities are
highest. Melpitz is a polluted site. Particularly sulphur
deposition is high. Four years of continuous measurements are now available, and a ﬁrst trend analysis is now
possible; over 4 years this shows for example the
decrease in the SO2 and SO42 levels at all sites. For
NH3 and NOx no signiﬁcant trend was detected. The
data is also used to develop dry deposition parameterisations. The continuous ﬂux measurements in the
moorland ecosystem (Auchencorth Moss) in Scotland
were used to explore the processes governing external
plant deposition (Fowler et al., 2001). By comparing the
data from the three sites it was shown that the dry
deposition of SO2 is inﬂuenced by NH3, because the
surface resistance (Rc) shows a dependence on the molar
ratio of NH4 over SO4CNO3 in precipitation. Furthermore, long-term data at Speuld show that deposition
monitoring is necessary because surface aﬃnities can
change, e.g. due to meteorological conditions. It is
therefore necessary to monitor the eﬀect of emission
reductions on a number of stations in Europe.
Any vertical ﬂux density determined in the atmospheric surface layer which is to reﬂect the spatially
representative exchange at the surface of the system
considered requires this layer to be stationary and
horizontally homogeneous. Suitable tools to estimate
the inﬂuence of a limited horizontal extension of the
system under investigation are the two-dimensional
source-area approach (cf. Schmid, 1994) or the onedimensional footprint approach (cf. Horst and Weil,
1992; Horst, 1997, 1999; Haenel and Grünhage, 1999,
2001; Kormann and Meixner, 2001). In addition, they
have to represent in space the typical atmospheric
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conditions governing the ﬂuxes. Due to ﬁnancial
restrictions, these measurements are normally point
measurements. Therefore, the spatial variability and the
typical deviations have to be characterized. Within
BIATEX-2, several studies have been performed to
quantify deviations of meteorological parameters
( global radiation, air temperature, horizontal wind
velocity), driving forces (vertical gradients of air
temperature and horizontal wind velocity) and vertical
ﬂuxes of sensible and latent heats, momentum and
carbon dioxide (e.g. Dämmgen et al., 2001, 2002, 2004b;
Grünhage and Haenel, 2001).

4. Modelling dry deposition
Modelling dry deposition is dependent on the spatial
resolution needed. Whereas local scale Soil-VegetationAtmosphere-Transfer (SVAT) models rely on the detailed description of the energy balance of the systems
considered, regional or national scale models make use
of simplifying or integrating assumptions and use typical
deposition velocities rather than site-speciﬁc driving
forces, such as compensation points or actual stomatal
resistances. SVAT models serve two purposes: in
agricultural and forest meteorology they are a tool to
calculate water dynamics, e.g. to predict irrigation or
other management measures. In forests, prediction of
ground water formation or of run-oﬀ may be essential.
In the context of the ecotoxicology of air pollutants they
are needed to describe ﬂux eﬀect relationships. In
ecosystems, the ﬂux relevant for eﬀects of acidiﬁcation
is the overall input of acidifying species into the system
as a whole. For ozone, the toxicologically relevant ﬂux is
the partial ﬂux through the stomatadthe ﬂux to
external surfaces is toxicologically almost irrelevant
under ambient conditions in Europe. Therefore, the
modelling of stomatal behaviour is crucial for the
establishment of dose–response relationships (Dämmgen et al., 1997; Grünhage et al., 2004; Tuovinen et al.,
2004). SVAT models for this purpose have to be
validated independently of the respective air pollutant
using water vapour or carbon dioxide exchange
measurements.
4.1. Nitrogen and sulphur compounds
Within BIATEX-2, SVAT models have been developed in particular for the description of the soil/
vegetation-atmosphere exchange of ammonia (Sutton
et al., 2001). Erisman et al. (1997) developed a SVAT
model for aerosol deposition. These models have been
validated independently, e.g. for PLATIN within the
VERTIKO experiments for various vegetation types
(arable land, forest; Schaaf et al., unpublished results).
The big-leaf model PLATIN has been used to estimate
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ﬂuxes of NH3, HNO2, HNO3 and SO2 between the
atmosphere and forest and cropped ecosystems (Grünhage et al., 1998; Dämmgen and Zimmerling, 2002).
The development of models used to calculate regional
and site-speciﬁc inputs of sulphur and nitrogen have
relied heavily on the long-term measurements at
Melpitz, Speulder Forest and Auchencorth Moss. The
measurements show that SO2 ﬂuxes over most of
Europe are regulated by chemical processes within
surface ﬁlms of water, which in turn is strongly
inﬂuenced by the presence of NH3. Dynamic models,
which simulate the process, have been developed and
where suﬃcient chemical and micrometeorological data
are available, these models quantify the net exchange of
SO2 and NH3 (Flechard et al., 2000). Fig. 1 shows
a comparison of diﬀerent surface exchange parameterisations with measured ﬂuxes (Auchencorth, Scotland)
by Flechard et al. (2000). The dynamic model provides
somewhat better results than the two diﬀerent static
resistance models, which are empirical models derived
from the (limited) set of observations (e.g. Erisman and
Draaijers, 1995). The major improvement is expected in
periods where there are big changes in the concentration
ratios of the diﬀerent components. In those cases the
‘chemical memory eﬀect’ of the surface that to a large
extend determines the ﬂux is taken into account.
For NH3 parameterisations of the bi-directional
plant-atmosphere exchange and the inﬂuence of management options have been included in the models
(Sutton et al., 1998, 2001). These past years several
monitoring studies and joint ﬁeld experiments have been
conducted to improve our understanding of the
atmosphere–biosphere exchange of ammonia (see Sutton et al., 1996, 1998, 2001 for overviews). The main
emphasis has been on the description of the plant–
atmosphere interactions and the stomatal ﬂux of
ammonia, which can now be described quite reasonable
(Nemitz et al., 2001; Sutton et al., 2001). The external
surface parameterisations can potentially be described
by the dynamic models, but these are not ready to be

used in models used for generalisation. The reason for
this is that these long-range transport models the
emissions are taken as inputs and are therefore modelled
separately from the deposition. A bi-directional description of the surface exchange process needs large
modiﬁcations of the long-range transport models. The
dynamic models can be used in inferential models
without much modiﬁcation.
Within BIATEX-2 models to describe site-speciﬁc
deposition and the ﬂuxes within Europe on a local/
regional scale have been updated. The parameterisation
of the dry deposition velocity for gases and particles was
based on Erisman and Draaijers (1995) and was further
developed using recent literature (e.g. Brook et al., 1999;
Wesely and Hicks, 2000) and results from BIATEX-2
(Sutton et al., 2001; Erisman et al., 2001; Fowler and
Erisman, 2003). The models have been applied over
European scales for annual deposition estimates of
sulphur and nitrogen inputs (see below).
Long-term measurements are also valuable for
evaluation of policies. A clear example of the need for
monitoring is obtained from the long-term ﬂux measurements at Speulder forest. Fig. 2 shows the change in
deposition parameters between 1993 and 1998. It shows
that until 1997 the ﬂux followed the decrease in
concentration. At the same time the Rc values (expressed
as the years median value) increased, probably because
the ﬂux of NH3 (also displayed in Fig. 1) decreased. The
ﬂux of NH3 is important because a higher ﬂux
stimulates the uptake of SO2 at the surface due to the
co-deposition eﬀect (Adema et al., 1986; Erisman and
Wyers, 1993). After 1997 the NH3 ﬂux increased,
leading to a decrease in the Rc of SO2. This is clearly
a support for dynamic modelling.
4.2. Ozone
For O3 the models provide the potential to be used
for ﬂux-based approach for application of a critical
loads methodology, to replace the AOT40 concept
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Fig. 1. Comparison of diﬀerent surface exchange parameterisations (based on data from Flechard et al., 2000).
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Fig. 2. Change in annual concentration, ﬂux and surface resistance of SO2 measured at Speulder forest.

(Grünhage and Haenel, 1997, 2000; Tuovinen et al.,
2004). Up to now ozone ﬂuxes were assumed to be
determined largely by stomatal uptake. As stomatal
control is generally described in relation with water
vapour or photosynthesis, parameterisations of stomatal
resistance in models can be validated via water vapour
(e.g. Grünhage and Haenel, 1997) or CO2 ﬂux measurements. There are much more uncertainties with respect
to the parameterisation of O3 deposition on external
plant surfaces. Many studies illustrate that non-stomatal
O3 deposition can be an important part of total
deposition (e.g. Fowler et al., 2001; Simpson et al.,
2001). Fowler et al. (2001) found at Auchencorth Moss
that the inferred canopy resistance due to non-stomatal
O3 deposition decreases exponentially with increasing
solar radiation (Fig. 3). The interpretation is that the
non-stomatal ﬂux represents thermal decomposition of
O3 at the surface.
Generally, vertical ﬂux densities of O3 are inﬂuenced
by ( photo)chemical reactions in the surface layer, e.g. by
reactions with NO emitted from the soil and in forest
ecosystems by reactions with volatile organic compounds emitted from the trees. Especially in coniferous
forests, O3 deposition velocity during night-time hours is
approximately half of that during the days (cf.
Pilegaard, 2001). Recently, Ludwig et al. (2001)
published a parameterisation of biogenic NO emissions
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Fig. 3. The relationship between canopy resistance due to nonstomatal O3 deposition (Rns) and solar radiation (St) for Auchencorth
Moss daytime data, dry surfaces (source: Fowler et al., 2001, Fig. 5).

for diﬀerent land-use classes and mean climatological
mid-European conditions. This approach might increase
the accuracy of NO ﬂux estimates and their inﬂuence on
O3 deposition in regional-scale modelling.

5. Total deposition
5.1. Monitoring
Currently, throughfall measurements are made at
about 400 Intensive Monitoring plots to estimate the
site-speciﬁc inputs of nutrients in European forests (De
Vries et al., 2001). Throughfall data are a measure for
the soil load of pollutants. Because of canopy exchange
processes and transport in the plant phloem these data
cannot directly be used for atmospheric deposition
(Erisman and Draaijers, 1995; Dämmgen et al., 1997).
The measurements are, however, relatively cheap and
easy to perform, and are therefore suitable to obtain
spatial variation in deposition.
5.2. Modelling
Canopy exchange models have been developed to
overcome this problem (Ulrich, 1983; Draaijers and
Erisman, 1995; Draaijers et al., 1996). By applying such
models an estimate of total deposition can be obtained,
but the uncertainty is still relatively high. Fig. 4 shows
the deposition of nitrogen to forests in Europe where
throughfall is measured within the Pan European
monitoring programme.
Throughfall measurements can be used for detection
of trends in deposition. Fig. 5 shows the results of longterm measurements at Speulder forest in the centre of
the Netherlands. It includes both the deposition derived
from throughfall measurements and from micro meteorological measurements. The emissions are for the
province in which the Speulder forest is situated. Despite
the large scatter between the years, mainly determined
by meteorological variation, the deposition estimates
represent the trend in emissions for the area.
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Fig. 4. Nitrogen deposition to forests in Europe (mol ha1 y1).

6. Modelling of deposition of sulphur and nitrogen
compounds
There are two approaches to model ecosystem inputs:
(i) long-range transport modelling based on emission
estimates and (ii) using measurements of concentrations
and meteorological data to estimate deposition, or
a combination of the two. Within BIATEX-2 the
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combination of the two has been chosen to maintain
the link with emissions and at the same time obtain
ecosystem-speciﬁc deposition estimates. A tool to
calculate site-speciﬁc deposition ﬂuxes, EDACS (European Deposition of Acidifying Components on a small
Scale) was developed at RIVM (Erisman and Draaijers,
1995). This model is now reprogrammed and improved
by ECN and meteorological input is updated, based on
data from the European Centre for Meteorology and
Weather Forecast (ECMWF). Concentrations of gases
and aerosols are derived from the EMEP model or from
the DEHM model (Brandt et al., 2001). Wet deposition
is derived from measurements or from the EMEP/
DEHM model and dry deposition is estimated using
modelled concentrations with the EMEP model and
land use speciﬁc dry deposition velocities calculated with
ECMWF meteorology and a dry deposition module
(DEPAC) (Fig. 6). Every 6 h the ECMWF meteorological data is used to calculate a deposition velocity for
each grid or each plot. The deposition velocity is
combined with a concentration to estimate the ﬂux.
An annual ﬂux is the summation of all 6-h values. The
model input and output is ﬂexible and depends on the
land use information that is used. Currently land use
maps for Europe (1/6  !1/6  ) and for diﬀerent countries (1!1 km2) are available. By using calculated
concentration maps, the relationship between emissions
and deposition is maintained and scenario studies,
budget studies and assessments can be carried out on
diﬀerent scales. An example of EDACS outcome is
given in Fig. 7, where total deposition of SOx in
Germany is plotted for the years 1993 and 1999.
In this approach we made a site-speciﬁc calculation
using site-speciﬁc information available for the Intensive
Monitoring plots. The EMEP model results are only
available until 1996. Since then, a new model was
developed and is now made operational. The comparison

Year

Fig. 5. Long-term deposition measurements of SO4 (A) and NH4 (B) at
Speulder forest in the Netherlands. (mol ha1 y1).
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Fig. 6. Outline of method to estimate local scale deposition ﬂuxes.
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Fig. 7. Dry deposition of SOx in Germany (1!1 km2) as calculated with EDACS for 1990 (A) and 1999 (B) (mol ha1 y1).

of model results with throughfall data has therefore been
made for 1996 (223 plots). Fig. 8 shows the model
comparison with throughfall measurements at the plots.
The correlation for sulphur is small (Fig. 8A). This is
especially due to an overestimation of sulphur deposition
at a few sites. These sites are all located close to or in the
black triangle. It appears that the EMEP model
overestimates SO2 concentrations in these areas. On
average the modelled S deposition and measured
throughfall are comparable, with a bias at high throughfall and/or high model estimates. This might be due to
local inﬂuences, uncertainty in stand characteristics for
modelling and/or uncertainty in modelled values. A best
regression estimate was
SO4;model Z530C0:63  SO4;throughfall R2adj Z0:32

ð1Þ

The N deposition, both of NO3 and NH4 are
considerably larger than the measured throughfall,
although the correlation is better than for SO4
(Fig. 8B–D). Speciﬁcally the reduced N deposition is
higher up to a factor of two, despite the high correlation.
Best regression estimate were:
NO3;model Z540C0:75  NO3;throughfall R2adj Z0:37
NH4;model Z610C1:54  NH4;throughfall

R2adj Z0:64

ð2Þ
ð3Þ

The overestimation of the model might be the result of
the uncertainty in the correction for canopy uptake to
calculate the deposition from throughfall measurements.

6.1. Modelling of ozone ﬂuxes
A lot of progress in O3 deposition modelling has been
made based on long-term atmosphere-biosphere exchange measurements (see Tuovinen, 2000; Tuovinen
et al., 2001 for an overview). This is especially relevant
for the ﬂux-based approaches which have been identiﬁed
as an option for the more advanced (‘level II’) critical
levels, to replace (Emberson et al., 2000) or modify
(Grünhage et al., 1999; Tuovinen, 2000) the concentration-based approach employing the AOT40 index. To
meet the need to estimate the regional distribution of
ﬂuxes to diﬀerent ecosystems, the photochemical model
of EMEP has been improved by introducing a new dry
deposition module (Emberson et al., 2001; Simpson
et al., 2001; Hole et al., 2004). This module includes
a partitioning of the total deposition ﬂux between the
stomatal and non-stomatal pathways, the former being
the component most closely related to biological eﬀects.
The stomatal ﬂux is modelled by using a detailed uptake
model that describes the stomatal conductance as
a function of phenology and environmental variables
for a large number of European plant species. The
module can also be used in stand-alone risk assessment
applications.
The EMEP ozone deposition module has been tested
by comparing predicted deposition velocities and
stomatal conductances with observations at both leaf
and canopy scale (Emberson et al., 2000, 2001;
Tuovinen et al., 2001, 2004; Hole et al., 2004). An
example is shown in Fig. 9. The wide range of surface
types and climatic regions makes it diﬃcult to model
ozone deposition across the whole EMEP modelling
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Fig. 8. Comparison of total deposition calculated with EDACS with throughfall measurements of SO4 (A), NO3 (B), NH4 (C) and total N (D) in 1997
and 1998.

domain. However, the comparisons show that the
module is capable of producing reasonable results in
a variety of conditions. In stand-alone applications local
data can be used, which reduces the eﬀect of the
variability within the aggregated land-cover classes and
uncertainties in regional-scale meteorological data.

7. Conclusions
Most of our present knowledge on atmosphere–
biosphere exchange stems from the 1980s and early
1990s, when acidiﬁcation research was intensively
conducted. Recently, most progress has been made on
O3 and NH3 exchange and on monitoring of dry
deposition ﬂuxes. Examples of the value of deposition
monitoring are the non-linearity issue in sulphur
emission and deposition and the change in surface
aﬃnities and the discovery of the ammonia hole in the
Netherlands (Erisman et al., 1998b). Monitoring of
ﬂuxes has become possible, but the uncertainty is still
very high, especially for wet deposition (40% in the case
no standard wet-only samplers are used) and the
deposition of reactive gases and particles (O40%).

Wet deposition can be measured with reasonable
accuracy (15–20%) if wet-only gauges are used, which
are placed within the open ﬁeld fulﬁlling the requirements for open ﬁeld measurements (e.g. Draaijers and
Bleeker, 2001). For improvement of dry deposition
monitoring there is a need for more robust, sensitive and
fast concentration sensors. The gradient methods have
been shown to be feasible; however, eddy correlation
would provide more robust results and less rejection of
data not fulﬁlling criteria for deposition measurements.
New concentration sensors should therefore be developed. Fluxes of ozone and inert gases, such as CO2,
can easily be monitored. Progress has been made in the
recognition and understanding of O3 uptake at surfaces.
For modelling of the surface exchange of gases, there
is a lack of parameterisation of dynamic processes,
occurring for example with surface wetness. Furthermore, the modelling of the bi-directional nature of gas
exchange (nitrogen compounds) and the external surface
uptake of O3 should be improved. Dynamic models have
become available describing the surface wetness chemistry and the bi-directional exchange of nitrogen
compounds. These models show better results than the
widely used inferential models when compared to
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Fig. 9. Measured and modelled total surface resistances during the daytime as monthly medians for a Norway spruce forest at Ulborg, Denmark. The
EMEP model calculations have been carried out using both the assumed leaf area index and tree height (default) and the measured values (local).
(From Tuovinen et al., submitted)

measurements. However, these models cannot yet be
used in long-range transport models because the detailed
data needed in the dynamic models is not available, and
the emissions are now used as inputs and independently
handled from the deposition in the long-range transport
models. Therefore, there is a need to improve the longrange transport models ﬁrst, before the new deposition
models can be incorporated. The accuracy of the results
obtained greatly depends, furthermore, on the errors in
the input parameters as well as on the model itself.
Small-scale spatial variability and the accuracy of input
parameters has to be reﬂected by the iterations within
the model (error propagation).
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Spindler, G., Duyzer, J., Weststrate, H., Römer, F., Vonk, A.,
Jaarsveld, H., 2001. Dry deposition monitoring in Europe. Water,
Air and Soil Pollution 1, 17–27.
Erisman, J.W., Mols, H., Fonteijn, P., Geusebroek, M., Draaijers, G.,
Bleeker, A., van der Veen, D., 2003. Field intercomparison of
precipitation measurements performed within the framework of the
Pan European Intensive Monitoring Program of EU/ICP Forest.
Environmental Pollution 125, 139–155.
Flechard, C.R., Fowler, D., Sutton, M.A., Cape, J.N., 2000. A
dynamic chemical model of bi-directional ammonia exchange
between semi-natural vegetation and the atmosphere. Quarterly
Journal of the Royal Meteorological Society 125, 2611–2641.
Fowler, D., Erisman, J.W., 2003. Biosphere/atmosphere exchange of
pollutants; Overview of subproject BIATEX-2. In: Midgley, P.M.,
et al. (Ed.), Towards Cleaner Air For EuropedScience, Tools And
Applications. Margraf, Weikersheim, pp. 35–58.
Fowler, D., Flechard, C., Cape, J.N., Storeton-West, R.L., Coyle, M.,
2001. Measurements of ozone deposition to vegetation quantifying
the ﬂux, the stomatal and non-stomatal components. Water, Air
and Soil Pollution 130, 63–74.
Grünhage, L., Haenel, H.-D., 1997. PLATIN (PLant-ATmosphere
INteraction) I: a model of plant-atmosphere interaction for
estimating absorbed doses of gaseous air pollutants. Environmental Pollution 98, 37–50.
Grünhage, L., Haenel, H.-D., 2000. WINDEPdWorksheet-INtegrated
Deposition Estimation Programme. In: KRdLdKommission
Reinhaltung der Luft im VDI und DIN (Hrsg.): Troposphärisches
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