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Abstract. An explicit multi-layer subgrid-scheme was developed for a meso-γ /β-scale model to
consider subgrid-scale surface heterogeneity, dry deposition, biogenic and anthropogenic emission
of trace gases. Since dry deposition measurements of highly reactive trace species are scarce we try
to evaluate this scheme by heuristic principles. The results of simulations conducted for a 5 × 5 km2

resolution with and without this scheme are evaluated by using results of a model run with 1 × 1
km2 resolution, which is taken as a ‘grand thruth’ and which has the same resolution as the subgrid.
The explict multi-layer subgrid scheme provides a similar distribution of dry deposition fluxes as the
much more computationally expensive simulation with the 1 × 1 km2 resolution.

Dry deposition fluxes determined from observations give evidence that the explicit multi-layer
subgrid scheme which does not require a constant flux approximation for a layer of several de-
cameters leads to an improvement in determining the exchange between the atmosphere and the
ground.

Results of simulations with a microscale model show that the inhomogeneity at forest edges leads
to an increase of the turbulent transports of up to a factor 4 compared to horizontally homogeneous
terrain, which is assumed to be the conditions of the subgrid cells (and which is usually the assump-
tion for the entire grid cell in mesoscale models). Inhomogeneity inside an extended stand of trees
causes an overall increase of 5–10% with high local extremes, i.e. such an inhomogeneity results to
an underestimation of dry deposition in meso-γ /β-scale models. The effects are most pronounced
for a wind direction perpendicular to the forest edge.

Key words: dry deposition, mesoscale modeling, microscale modeling, surface heterogeneity, forest
edge, explicit multi-layer subgrid scheme.

� Corresponding author.



124 G. TETZLAFF ET AL.

1. Introduction

In the last decades, the composition of the atmosphere has changed appreciably
by anthropogenic emissions of a wide variety of trace species. In the urban at-
mosphere, high concentrations of these so-called primary pollutants can be found.
However, concurrent processes of transport and transformation of trace species
lead to polluted air also in rural areas where high concentrations of so-called sec-
ondary pollutants like photochemical oxidants can be observed. Dry deposition is
an important sink for many of these trace gases and represents a burden on the
vegetation-soil and natural water systems. To quantify the atmospheric input of
highly reactive oxidants and acidic compounds into such ecosystems, chemistry
transport models (CTMs) of various degrees of complexity have been developed
and applied (e.g., Chang et al., 1987; Venkatram et al., 1988; Ebel et al., 1994;
Kramm et al., 1994; Vogel et al., 1995; Padro et al., 1995). Recent results from air-
craft measurements as well as theoretical and numerical modeling studies showed
that landscape heterogeneity may affect the fluxes of water, energy (e.g., Avissar
and Pielke, 1989; Seth et al., 1994; Mahrt et al., 1995; Mölders et al., 1996) and
trace species (e.g., Kramm et al., 1994, 1996; Ganzeveld and Lelieveld, 1995) and,
hence, cloud formation as well as wet and dry deposition. Unfortunately, the hor-
izontal and vertical grid resolution of CTMs is much coarser than that required
by dynamic-chemical studies. Moreover, a grid cell of a mesoscale� numerical
model encompasses several square kilometers for which the dominant land-use
type is usually taken to be a representative one to determine the water, energy
and trace gas fluxes at the surface (Kramm and Mölders, 1996). Natural surfaces,
however, are heterogeneous over virtually all scales, i.e., also over the resolvable
scales considered in meso-γ /β-scale or microscale models. Since these models
have to estimate the energy, water and trace gas fluxes at scales ranging from
several acres to square kilometers, the subgrid-scale heterogeneity generally has
to be parameterized. Three major subgrid effects may play an important role on the
meso-γ /β-scale:�� (1) the subgrid-scale heterogeneity of the landscape at both the
micro- and mesoscale, (2) the subgrid-scale heterogeneity of natural and anthro-
pogenic emission sources, and (3) chemical reactions among trace species when
determining dry deposition fluxes (Kramm and Mölders, 1996). Zooming into the
microscale,‡ in an area with forests, the following additional aspects may become

� Mesoscale can be descriptively defined as having a horizontal spatial and temporal scale smaller
than the conventional rawinsonde network, but significantly larger than individual cumulus clouds.
The typical horizontal scale amounts to a few kilometers to several hundred kilometers or so, with a
time scale of 1 h to 3 d (e.g., Orlanski 1975).

�� Scales of motion in which vertical accelerations become important can be referred to as meso-
γ -scale. The associated temporal and spatial scales are about 0.5 h to 0.5 d and 2 km to 20 km,
respectively. The meso-β-scale refers to temporal and spatial phenomena of about several hours to
1 day and 20 km to 200 km in extension (Orlanski, 1975).

‡ Microscale here refers to phenomena of temporal and spatial scales of seconds to 0.5 h and
several meters to several hundred meters.
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evident: (1) leaf area density of the foliage, (2) edge lengths, (3) inhomogeneous
heights of stand, and (4) the turbulent state within the forest canopy (Pahl, 2000).

Efficient tools to determine the exchange of energy and water fluxes as well
as chemically conserved trace species between the atmosphere and the ground
(soil, vegetation, etc.) are single-layer (e.g., Deardorff, 1978; Hicks et al., 1987)
and multi-layer SVAT (soil vegetation atmosphere transfer) models (e.g., Yamada,
1982; Meyers and Paw U, 1986, 1987; Baldocchi, 1988; Meyers and Baldocchi,
1988; Shaw and Schumann, 1992; Inclan et al., 1996; Ziemann, 1998). Recently,
various SVAT-models to determine dry deposition and biogenic emissions of highly
reactive trace species over low vegetation were developed by Kramm et al. (1994,
1996). Some of these single- and multi-layer SVAT-models use Deardorff’s (1978)
mixture approach on the microscale (e.g., Kramm et al. 1994, 1996; Ziemann,
1998).

In mesoscale models, single-layer SVAT-models assuming horizontally homo-
geneous conditions for each grid cell are customarily applied. Thus, they cannot
be used, for instance, to study the effects generated by forest edges or individual
trees. To consider subgrid-scale heterogeneity of a landscape, dry deposition fluxes
as well as biogenic and anthropogenic emission fluxes, an explicit multi-layer
subgrid scheme as first suggested by Tetzlaff and Mölders (1997) is introduced
into the meso-γ /β-scale model GESIMA (Geesthacht’s simulation model of the
atmosphere; Kapitza and Eppel, 1992; Eppel et al., 1995), denoted hereafter as
GESIMA_EMS (GESIMA with explicit multi-layer subgrid scheme). Herein, the
horizontal and vertical resolution is finer in the near-surface layer, and within
the soil, whereas the remaining model domain is unchanged (see Figure 1). Note
that an overview on possible other methods is also given in Tetzlaff and Mölders
(1997). It is evident that determining the concentrations of any gaseous species
in the atmosphere requires consideration of the trace gas cycle from emission
through chemical transformation during transport finally to deposition, as well
as its complicated interrelations with the energy and water cycles (e.g., Seinfeld,
1986; Kramm and Mölders, 1996). Since chemical reactions, which permanently
change the composition of the atmosphere, and transport processes act concur-
rently, modeling of these concurrent processes demands a lot of CPU-time when
such dynamic-chemical systems are numerically simulated by CTMs of adequate
grid resolution. Introducing an explicit multi-layer subgrid scheme is, therefore,
highly desirable to realize reasonable CPU-time consumption. As compared to
conventional nesting (e.g., Pleim et al., 1991; Feldmann et al., 1996) or multi-scale
methods (e.g., Kumar et al., 1994) the main advantage of an explicit multi-layer
subgrid scheme is that a finer resolution is kept only in those regions of the
model domain where dynamic-chemical interrelations between the atmosphere
at the ground demands it to guarantee numerical treatment with a sufficient de-
gree of accuracy. For the remaining model domain, i.e. the upper model-layers, a
coarser grid resolution is suitable (Figure 1). Another important advantage of this
scheme is that subgrid scale surface heterogeneity can be considered closer to its
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Figure 1. Schematic view of an atmospheric grid column in a CTM using (a) the commonly
applied constant flux approach for a layer of several decameters and the strategy of dominant
land-use (e.g., HOM5 in Subsection 3.1), (b) an explicit multi-layer subgrid scheme which
divides the grid cell of the model into several subgrid cells by introducing several vertical
layers into the surface layer and breaking the horizontal direction into smaller patches of
different land-use to catch horizontal variability of land-use, soil-type, biogenic and antro-
pogenic emissions, trace gases, chemical reactions as well as dry deposition, and to consider
vertical variations in trace gases, chemical reactions and anthropogenic emissions (e.g., EMS5
in Subsection 3.1), and (c) a finer resolved grid which is computationally more expensive and
time-consumable (e.g., HOM1 in Subsection 3.1).

natural equivalent (Tetzlaff and Mölders, 1997), i.e., the horizontal and vertical
variations in trace gas concentration and fluxes can be resolved finer than in the
approaches commonly applied in chemistry transport modeling (e.g., Figure 1).
Furthermore, the increased resolution in the near-surface layer avoids the standard
constant flux approach with which the dry deposition fluxes also of highly reactive
trace species are customarily determined (e.g., Walcek et al., 1986; Wesely, 1989).
As demonstrated by theoretical considerations, observations and/or model studies
(e.g., Fitzjarrald and Lenschow, 1983; Lenschow and Delany, 1987; Brost et al.,
1988; Kramm, 1989; Gao et al., 1991; Kramm and Dlugi, 1994; Kramm et al.,
1995; Padro et al., 1995; Spindler et al., 1996) the constant flux approximation on
which the resistance approach is based seems to be acceptable only for chemically
conservative species or for thin layers like the sublayer close to the surface for
which the characteristic response times of diffusive transfer and chemical processes
differ considerably (Dlugi, 1993; Kramm and Dlugi, 1994).

Hanson and Lindberg (1991) as well as Kramm (1995) summarized dry deposi-
tion data for several nitrogen compounds for vegetated and non-vegetated sites. As
shown by these authors, most of these data are based on enclosure and micromete-
orological techniques where the former are only representative for a spot of up to a
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square meter and the latter, of course, for areas of several hectares (e.g., Businger,
1986). Thus, only micrometeorological measurements are able to provide flux data
that can be used for model evaluation. Unfortunately, most micrometeorological
techniques are so-called indirect methods (e.g., Bowen-ratio and aerodynamic
profile techniques, inferential methods etc.) which are often based on the same
conditions of turbulent closure than conventional CTMs. Recently, the relaxed
eddy accumulation (REA) method was tested by Oncley et al. (1993) using carbon
dioxide and has been successfully used for measurements of biogenic hydrocar-
bon fluxes (e.g., Bowling et al., 1999). The interpretation of these data, however,
again requires model assumptions which have to be evaluated (e.g., Kramm et al.,
1999). Rinne et al. (2000) carried out disjunct true eddy accumulation (DEA) flux
measurements for α-pinene fluxes. For a direct model evaluation, however, results
of dry deposition fluxes directly measured by eddy covariance or true conditional
sampling (often called eddy accumulation) techniques are more appropriate. Since
many trace constituents cannot be measured fast enough to apply eddy covariance
techniques, the conditional sampling method that does not require fast-response
chemical sensors seems to be an alternative. However, as argued by Kramm et
al. (1999), considerable efforts have to be undertaken to develop a conditional
sampling system for measuring eddy fluxes of trace species under field conditions,
and, therefore, an adequate conditional sampling system is still required. Thus,
directly measured dry deposition fluxes of highly reactive trace gases exist only
for a few trace species and these flux data are still scarce. Consequently, for most
trace species directly measured flux data are unavailable for model evaluation (e.g.,
Kramm et al., 1999). In recognition of all these short-comings in model evaluation,
we try to evaluate GESIMA_EMS by considering heuristic principles.

In a first step, the improvements achieved by using GESIMA_EMS are evalu-
ated by results obtained from a GESIMA run with high resolution (1 × 1 km2).
Since direct measurements of dry deposition fluxes over limited forest areas do
not exist, the three dimensional microscale model, TreeMo-3D, was improved and
applied (e.g., Gross, 1993; Pahl, 2000) to support the results provided by GES-
IMA_EMS. TreeMo-3D is able to generate the realistic features of a turbulent flow
around and above a limited forest area (e.g., Pahl, 2000). Thus, it serves to address
the effects of trees and forest edges on turbulent mixing, and in a further step,
on the enhancement or weakening of dry deposition of trace species. Moreover, as
demonstrated later, potential measurements inside a forest may strongly be affected
by where they are carried out. Therefore, results from a field study performed
over horizontally homogeneous low vegetation are used to elucidate the role of
chemical reactions. In doing so, the dry deposition fluxes are first determined with
consideration of chemical reactions like in the explicit multi-layer subgrid scheme
and alternatively like in conventional algorithms of CTMs (e.g., Baer and Nester,
1992; Hass et al., 1995).
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2. Brief Description of the Models and the Measurements

For both the models, the governing equations for a turbulent flow of a non-
hydrostatic atmosphere are the Boussinesq-approximated equations of motion, the
first law of thermodynamics, the balance equations for trace species, and the equa-
tion of continuity for an anelastic medium (GESIMA_EMS) and incompressible
medium (TreeMo-3D), respectively. The reference state is assumed to be hydro-
static. The turbulent fluxes, introduced by Reynolds decomposition and averaging,
are parameterized by flux-gradient relationships with exception of the lowest sub-
grid layer where the surface stress and the near-surface fluxes of heat and water
vapor as well as trace species are expressed by bulk transfer approaches using
the non-dimensional drag coefficient and the respective bulk transfer coefficients
(e.g., Arya, 1988). To determine the Reynolds stress tensor as well as the turbu-
lent fluxes of heat, water vapor, and trace species above the near-surface layer, a
one-and-a-half-order closure scheme of level 2.5 in the hierarchy of Mellor and
Yamada (1974) is considered. Here, the elements of the eddy diffusivity tensor are
approximated by only two types of elements, namely by vertical and horizontal
eddy diffusivities where the latter are assumed to be proportional to the former.
The vertical eddy diffusivity of momentum, Km,v, is derived from the solution
of the balance equation for the turbulent kinetic energy (TKE) by introducing
the Kolmogorov–Prandtl relation and the mixing length according to Blackadar’s
(1962) approach slightly modified by Mellor and Yamada (1974). To calculate
the vertical eddy diffusivities for heat, Kh,v, and matter, Kq,v, the vertical eddy
diffusivity for momentum, the turbulent Prandtl number, Prt = Km,v/Kh,v, and the
turbulent Schmidt numbers for water vapor and trace species, Sct,q = Km,v/Kq,v,
are used (see also Mölders et al., 1996). These characteristic numbers are consid-
ered to be functions of the thermal stratification. They were derived from the local
stability functions of Businger et al. (1971) and the assumption that Sct,q = Prt .
For the discrete representation of model variables staggered grids of Arakawa-C
type are applied in both numerical models (Kapitza and Eppel, 1992; Pahl, 2000),
where GESIMA_EMS uses a terrain-following coordinate system. In both models,
chemical reactions, turbulence, and transport are calculated on their characteristic
time scales.

2.1. THE MESO-γ /β-SCALE MODEL

The model physics of GESIMA_EMS differs from the conventional GESIMA (Ep-
pel et al., 1995) by: (1) the inclusion of an explicit multi-layer subgrid-scheme to
consider subgrid-scale heterogeneity of precipitation, biogenic and anthropogenic
emissions, and dry deposition fluxes as well as subgrid-scale surface heterogeneity
in a finer resolution than that of the remaining model (e.g., Mölders et al., 1996;
Hinneburg and Mölders, 1999, 2000; Hinneburg, 2001); (2) the inclusion of trace
gas transport as well as chemical transformation (e.g., Hinneburg and Mölders,
1999, 2000; Hinneburg, 2001); (3) the determination of the surface stress and near-
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surface fluxes of heat and water vapor as well as trace gases by use of Kramm
et al.’s (1995) parametric model to calculate the non-dimensional drag coefficient
and the bulk transfer coefficients of heat and matter; (4) the treatment of cloud
microphysics by a five-water-class bulk-parameterization scheme which includes
water-vapor, cloud water, rainwater, ice and graupel (e.g., Mölders et al., 1997);
and (5) the modifications of the SVAT model (see Mölders, 1998). Furthermore, the
stomatal resistances of the canopy against water loss and trace gas uptake are taken
into account (e.g., Mölders, 1998). Six different vegetation types are considered,
namely, grassland, cropland, heath, deciduous forest, mixed forest, and coniferous
forest, respectively. In addition, dense and loose settlements, waters, and bare soil
are taken into account.

The subgrid scheme of Mölders et al. (1996) was vertically extended by in-
troducing additional levels (here 10, but up to 50 are possible) within the lowest
model layers. As aforementioned, this subgrid with finer horizontal and vertical
resolution allows consideration of the anthropogenic emissions closer to their real
location within the grid-cell of the coarse grid (see Figure 1). Thus, the subgrid het-
erogeneity of emission and, hence, concentration distributions can be considered
closer to the situation in nature (Figure 1). Furthermore, this explicit multi-layer
subgrid also overcomes the constant flux assumption for a layer of several meters
thickness and accounts for chemical reactions down to the viscous sublayer. The
lowest model level of GESIMA is 20 m. This layer is divided into 10 sublayers so
that the outer edge of the first sublayer is located about 0.5 m above ground. The
adjacent two layers above are also divided horizontally (e.g., Figure 1). As argued
by Dlugi (1993), Kramm and Dlugi (1994) as well as Kramm et al. (1994), the
constant flux approximation seems to be suitable to describe the diffusive transfer
also of chemically high-reactive trace gases across such a thin sublayer. Under
the conditions described a resistance network analogy is applied to determine dry
deposition fluxes. In all subgrid layers as well as in all layers above, chemical
reactions may occur among the trace gases existing in those sublayers and layers,
respectively. Since anthropogenic emissions of trace gases are released into the
sublayer and into the subgrid area of their real emission height and horizontal
location within the grid cell (see Figure 1), the trace gas distribution can be de-
scribed closer to the situation in nature from the very beginning of the model run.
In contrast to the common treatment in CTMs, in the explicit multi-layer subgrid
scheme, the individual grid cells of the surface-layer are composed of several
smaller subgrid-cells that all have their own trace gas concentrations, chemical
reactions, and transport as well as their own emissions if any (see Figure 1). At
the surface, the horizontal heterogeneity of deposition and biogenic emissions is
higher resolved when the explicit multi-layer subgrid scheme is used than in the
case of a strategy of dominant land-use, i.e. the subgrid-scale heterogeneity of
sources and sinks is considered. All in all, this means that, within the first layers
above ground, trace gases are distributed inhomogenously with respect to both
space and concentration. Note that, in CTMs, usually trace gases are assumed to be
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instantaneously distributed homogeneously within the entire grid cell immediately
after their emission (e.g., Chang et al., 1987; Venkatram et al., 1988). Recently,
Kramm and Meixner (2000) showed that the intensity of segregation generated by
the turbulent flow may appreciably reduce the efficiency of chemical reactions and,
hence, modifies the grid cell averaged concentrations. Since the results from field
and modeling studies show that dry deposition fluxes of nitrogen compounds can
already be affected by chemical reactions on a vertical scale of 5 m to 15 m, using
an explicit multi-layer subgrid scheme and calculating chemical reactions in each
subgrid cell of each sublayer better represents the strongly changing flux profiles
and distributions of trace gases in the immediate vicinity of sinks and sources.

As pointed out above, dry deposition and biogenic emissions strongly depend
on the under-lying soil surface and vegetation. Thus, the bulk-stomatal resistance
of vegetation types against water loss and trace gas uptake is calculated for each
subgrid cell using its individual land-use type. Therefore, it has to be assumed
that the dry deposition and emission processes can be simulated closer to their
natural equivalent by applying the explicit multi-layer subgrid scheme rather than
by assuming only one homogeneous vegetation type for the entire grid-cell as still
done in chemistry transport modeling (see Figure 1). In the case of the strategy of
dominant land-use type, dry deposition may be over- or underestimated depending
on the respective combination of land-use types within the grid cell because the
various land-use- and soil-types take up trace gases differently (e.g., Ganzeveld
and Lelieveld, 1995).

The numerical methods used in GESIMA are described in detail by Kapitza
and Eppel (1992) so that only a brief description of these procedures is given
here for completeness. The prognostic model equations are solved with a predic-
tor/corrector scheme. The advection of momentum and sensible heat is treated with
a modified MacCormack scheme, whereas the advection of the aforementioned
trace constituents is dealt with by the positive definite Smolarkiewicz scheme
(Smolarkiewicz, 1984; Smolarkiewicz and Clark, 1986). The horizontal diffu-
sion is computed by applying an explicit scheme. Vertical diffusion is calculated
implicitly. Also Coriolis terms are treated implicitly.

At the top of the model, a rigid lid together with a sponge layer to absorb
vertically propagating gravity waves, are used. At the lateral boundaries, the Or-
lanski (1976) radiation-boundary condition is applied for the normal component of
momentum, and a zero-gradient method is used for all other variables (water vapor,
cloud water, rainwater, ice, graupel, temperature, trace species, etc.).

A reduced version of the reaction mechanism described by Kramm (1995)
which is based on the reaction kinetic model by Falls and Seinfeld (1978) for pho-
tochemical smog and the slightly modified versions of the reaction kinetic models
by McRae and Seinfeld (1983) as well as McRae and Russel (1984) is applied (see
Hinneburg, 2001).

The emission scenario of the gases was provided by Wickert (1997, pers. com.)
in a spatial resolution of 1 × 1 km2 and a temporal resolution of 1 hour. It is based
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on yearly sums of emitted components of various trace species and particles from
both point and area sources. Wickert interpolated the data depending on synoptic
situation, time and location (for more details see e.g., Müller, 1994; Obermeier,
1995; John, 1999). It is known that sometimes the ground may be regarded as a
source for NO and NO2 (e.g., Slemr and Seiler, 1984) and it has been shown by
numerical studies that concentration fluxes may significantly be affected by such
emissions from the soil (e.g., Kramm et al., 1995, 1996). Therefore, the exhalation
of NO and NO2 from soil is taken into account by the so-called Kramm-µ-factors
(µ < 1 deposition, µ = 1 compensation, µ > 1 emission of NO and NO2) which
are expressed as empirical functions of time in accord with Kramm et al. (1994,
1995). In the GESIMA simulations using the 5 × 5 km2 resolution without the
explicit multi-layer subgrid scheme, the mean anthropogenic and biogenic emis-
sions occurring within a 5 × 5 km2 grid-cell are assumed to represent the emission
conditions.

The model domain extends 100 km in a east-west direction and 70 km in a
south-north direction (see Figure 2). The vertical resolution varies from 20 m near
the ground to 1 km at a height of 10 km. Above and below a height of 2 km there
are 8 levels. The horizontal grid-spacing is 5×5 km2 for the atmospheric grid-cells.
Within the framework of the explicit subgrid scheme, each atmospheric grid-cell
falls into 25 subgrid-cells of 1 × 1 km2 each at the earth-atmosphere boundary
and within the soil. In the reference simulation denoted to as the ‘grand truth’,
the horizontal grid-spacing is 1 × 1 km2 for the atmospheric grid-cells, vertical
resolution of the surface layer is the same as the vertical resolution of the multi-
layer subgrid and no explicit horizontal subgrid is applied.

2.2. THE MICROSCALE MODEL

The microscale model TreeMo-3D (Pahl, 2000) is suitable for considering the
effects of obstacles of different porosity on the distribution of the different meteo-
rological variables and trace species. By introducing a drag term in the equations
of motion and TKE which is generated by the vegetation elements, the reduction
of mean wind speed can be simulated while turbulence increases simultaneously.
As the mixing length is often restricted within the forest canopy by vegetation
elements, a mixing length approach according to Inoue (1963) as well as Meyers
and Paw U (1986) is applied for this layer when such a restriction occurs. With the
knowledge of mean wind and turbulence, the dry deposition fluxes of atmospheric
tracers on vegetation elements and on the earth’s surface can be estimated by intro-
ducing a deposition velocity vD, which implies that the constant flux approximation
is applied. Here, this approximation can be assumed to be valid for calculating the
dry deposition fluxes because the lowest model layer is only 1 m thick. In such a
thin layer, the vertical variation of concentration are usually small. The quantity vD

depends on the turbulent state in the lower part of the atmosphere, and is strongly
affected by the characteristics of the surface and canopy.
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Figure 2. Location of the model domain within Europe and Germany as well as distribution
of land-use in the resolution of the fine grid and the subgrid as used in HOM1 and EMS5
(upper part), as well as in the coarse resolution applying the strategy of dominant land-use
type as applied in HOM5 (lower part). The zero point of the coordinate system is located at
13◦16′ E, 51◦52′ N, and the horizontal extension amounts to 70 km in south-north direction
and 100 km in west-east direction. Note that the strategy of dominant land-use type assumes
that the land-use dominating in a grid cell can be regarded as the representative one to calculate
the energy-, water-, deposition- and emission fluxes.

In TreeMo-3D, the Adams–Bashforth scheme is applied for the time integration
of the prognostic model equations. Centered difference approximations are used in
space except for the advection terms where a Smolarkiewicz (1984) scheme is also
adopted (see also Smolarkiewicz and Clark, 1986).

At the upper boundary, all quantities correspond to their respective mesoscale
values. At the lateral boundaries, a zero-gradient flux is assumed for all quantities
except for momentum. Here, a constant flux is assumed for inflow.

TreeMo-3D is coupled with the a modified version of Stockwell et al.’s (1990)
chemical reaction mechanism (for more details see, e.g., Trepte, 1998).

Since there are usually no anthropogenic emissions in forests typical back-
ground concentrations are assumed for all constituents. A 1D-simulation serves
to gain vertical profiles consistent with meteorological conditions.



DRY DEPOSITION OF LONG-LIVED AND CHEMICALLY REACTIVE SPECIES 133

In order to resolve the large variations of the meteorological variables and trace
species in and around the porous tree obstacles a high spatial resolution is required.
Therefore, in the horizontal directions, a grid width ranging from 1 m to 5 m is
applied while, in the vertical direction, the grid layers within the lowest 30 m of
the atmosphere increase from 1 m above ground to 2 m at a height of 30 m.

2.3. BRIEF DESCRIPTION OF SITE, OBSERVATIONS AND EXPERIMENTAL

DESIGN

In the times from 26 August to 10 September 1991 and 6 September to 26 Sep-
tember 1993, the SANA field experiments were carried out close to the village of
Melpitz near Torgau/Saxony. This site is located in nearly flat terrain covered by
low vegetation like grass (for a detailed site description see, e.g., Spindler et al.,
1996; Seiler et al., 1996). During the field experiments, besides the meteorological
quantities (e.g., wind, temperature, humidity, fluxes of momentum, sensible and
latent heat, pressure, precipitation, radiation, etc.) trace gases and dry deposition
fluxes of SO2, O3, NO2, NO, NH3, HNO3, NH4NO3, and other compounds were
determined. The fluxes of momentum, sensible and latent heat as well as of some
long-lived and chemically reactive trace gases (CO2, SO2, O3, NO2, NO) were also
measured by eddy covariance techniques at two or three heights between 3 m to
15 m above ground (e.g., Beier et al., 1997). Alternatively, these quantities were
also determined by aerodynamic profile and modified Bowen-ratio techniques as
described, for instance, by Dlugi (1988), Kramm (1989), and Müller et al. (1993).
Table I gives a brief overview on the instrumentation (further details see also Seiler
et al., 1996; Brunemann et al., 1996; Beier et al., 1997).

Since many different processes (e.g., transport, turbulence, evapotranspiration,
sorption, desorption, biogenic activity, emission, chemical reactions, etc.) are in-
volved in dry deposition, it is necessary to classify measured data into possible
deposition scenarios of different dominance of the processes as a basis to evaluate
models. The chemical reactions occurring during the atmospheric transport as a
part of the dry deposition process, among other things, depend on radiation, air
temperature, and humidity, for which, for instance, days of low and high insola-
tion have to be distinguished. To obtain a greater data basis of various synoptic,
hydrologic, and chemical conditions for evaluation of parameterizations or models
the data have to be joined from different campaigns. The data gained from the
two SANA-experiments in 1991 and 1993 are classified according to these above
mentioned criteria, i.e., dominance of transport, turbulence, plant-physiology, bio-
genic activity, emission, chemical reactions, hydrological and thermodynamic
conditions, etc.

In our study, the data analysis is focussed on (1) the derivation of height-
invariant fluxes by using the constant flux approximation, (2) consideration of
chemical reactions among trace species during the diffusive transfer across the
turbulent near-surface layer, and (3) the investigation of the influence of the hydro-
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logical cycle on fluxes and uptake of chemically reactive trace gases by vegetation
and soil. Two synoptic situations, which will be described in more detail later in
this subsection, serve as examples to characterize the complexity of the transport
of reacting species. In doing so, an analysis of the chemical interrelation between
nitrogen compounds is presented to evaluate simulated fluxes and concentrations
of NO, NO2, HNO3, NH3, NH+

4 , HNO2, and total nitrogen.
Comparison of the results obtained by eddy covariance, aerodynamic profile

and modified Bowen-ratio techniques allows calculation of the flux divergence for
reactive compounds (O3, NO, NO2) under conditions where the chemically con-
served trace species (e.g., Kramm et al., 1994, 1995) fulfill the criteria of a constant
flux approximation when advection effects are of minor importance, and, hence,
negligible (e.g., Beier et al., 1997). As described by Kramm and Dlugi (1994),
the vertical fluxes of NH3, HNO3, nitrate, and ammonium are calculated from ex-
change coefficients of heat, water vapor, carbon dioxide, ozone, and momentum as
well as the vertical concentration profiles of sets of the nitrogen species whose total
concentration is conserved and, in a further step, for the vertical concentration pro-
files of each ‘individual’ trace constituent considered as chemically reactive. If the
vertical flux profiles of the sets of compounds fulfill the constant flux criteria in a
micrometeorological sense (i.e., the fluxes of chemically conserved species as well
as heat, and momentum may vary not more than 10 percent of their near-surface
magnitudes) any flux divergence obtained for each ‘individual’ trace constituent
can be classified to be generated by chemical reactions.

With respect to the weather situations the two cases, discussed here as examples,
were similar in many respects, however, they differed concerning hydrological and
chemical conditions. The major features may be described as follows: During the
1991 campaign, the soil was dry, and the air temperature generally did exceed a
daily maximum of 20 ◦C. Emission fluxes of NO and NH3 were observed during
the late morning hours until the afternoon when dew evaporation occurred in the
morning. Temperatures rising above about 14 ◦C were accompanied by a decrease
of the relative humidity and caused ammonium nitrate dissociation from about late
morning right into the afternoon (see also Seidl et al., 1996). During the measuring
period of fall 1993, air temperature was lower than in fall 1991. The relative hu-
midity was higher than 60%, while in September 1991, it was below 60% during
the late morning to late afternoon. These different hydrometeorological conditions
also lead to a different behavior of dry deposition and biogenic emissions. Thus,
for airborne and deposited particles, the chemical reactions of the NH3-NH+

4 –
HNO3–NO+

3 -system were limited by thermodynamic conditions (e.g., Clegg et al.,
1998), and, consequently the corresponding individual constituents were nearly
conserved during most days of the 1993 campaign. A more detailed description of
the synoptic regimes can be found in Seiler et al. (1996).
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3. Results

As pointed out above, the effects of heterogeneity in general and inhomogeneity
of a forest in particular, e.g., edges, clearings, and exposed trees, on dry deposi-
tion fluxes (e.g., Figures 3 and 4) are in the center of interest. Here, to evaluate
the impact of these effects on the fluxes, synthetic landscapes of forest groups
are assumed in GESIMA_EMS. The examples investigated with TreeMo-3D were
selected from synthetic types of arrangements of trees in forests and groups. Fur-
thermore, simulations are performed for a real landscape of moderate topographic
complexity southeast of Berlin (Figure 2) to investigate the effect of the anthro-
pogenic emissions released in their respective position in the explicit multi-layer
subgrid on dry deposition fluxes (e.g., Figures 3 and 4). Results from SANA-field
campaigns serve to examine the impact of chemical reactions on the transport
process responsible for dry deposition.

3.1. MESO-γ /β-SCALE MODEL

To describe the step from a landscape to forest groups, GESIMA_EMS is applied
(e.g., Friedrich et al., 2000). Three synthetic landscapes consist of patches of
sandy loam covered by mixed forest and loamy soil covered by grass. They are
designed in a checkerboard arrangement of forest- and grass-patches of 25 × 25
km2. These forest areas are sub-divided into checkerboards of 5×5 km2 for the sec-
ond landscape, and the latter forest areas are again sub-divided into checkerboards
consisting of 1 × 1 km2 patches for the third landscape to simulate the range from
a homogeneous forest to single forest groups, i.e., the upper range of TreeMo-3D
(e.g., Figure 2 in Friedrich et al., 2000). Furthermore, simulations assuming only
grass or forest were carried out for comparison. The grid resolution was 5 × 5 km2

for all 5 simulations using a 1 × 1 km2 resolution on the subgrid.
The results of these numerical experiments suggest that the arrangement of the

forest groups will non-linearly influence the fluxes if patches covered by forests
exceed a certain size (e.g., Figures 3–7 in Friedrich et al., 2000). Moreover, the
heterogeneity of the upwind region may play a role (see Figure 8 of these authors).
Similarity coefficients calculated for the various pairs of synthetic landscapes show
that the surface type dominating a landscape (e.g., forest, grass) does not necessar-
ily determine the mean flux representative for this area. Thus, when applying the
strategy of dominant surface type, i.e., ignoring the natural heterogeneity (e.g.,
forest edges, forest groups), the margin of error in the regional fluxes depends on
the horizontal resolution of the model. Furthermore, the impact of forest patches on
the turbulent flow and thus eddy fluxes seems to vary with time (see also Friedrich
et al., 2000). The highest agreement between fluxes provided by the simulations
with a different degree of heterogeneity is found between 12 LT (local time) and
15 LT (see Table 2 in Friedrich et al., 2000). At the boundary grass to forest, the
turbulent fluxes increase. Note that this finding on the mesoscale agrees with those
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found by TreeMo-3D for the microscale (e.g., Figure 5). The increase is greater for
the larger grass-forest boundaries than for the smaller ones (e.g., Figure 6).

In a further step, simulations assuming a grid resolution of 5 × 5 km2 with
(EMS5) and without (HOM5) the explicit multi-layer subgrid scheme of a horizon-
tal resolution of 1×1 km2, and with a grid resolution of 1×1 km2 (HOM1) without
the explicit multi-layer subgrid scheme are carried out with GESIMA_EMS for
27 July 1994. The synoptic situation was governed by northwesterly winds carrying
pollutants from Berlin into the area. Since there exist no sites to provide distrib-
utions of dry deposition fluxes, the results of the 1 × 1 km2-simulation (HOM1)
serve as a ‘grand truth’ to evaluate the results from the 5 × 5 km2 simulations with
and without the explicit multi-layer subgrid scheme.

Generally, the concentration distributions simulated by HOM1 and EMS5 differ
only slightly (e.g., Figure 3). At noon, for instance, slight differences in the ozone
concentrations can at most be found in the south-eastern part of the model domain
(e.g., Figure 3). In HOM5, however, the maximum ozone concentration is too low
(more than 80 ppb) as compared to HOM1. In HOM5, the plumes are wider than in
HOM1 due to the larger extension of the grid cells. Although EMS5 has the same
grid resolution of 5 × 5 km2 like HOM5, in EMS5, the plume width is nearly the
same as in HOM1 because of the use of the explicit multi-layer subgrid scheme,
which has a resolution of 1×1 km2 on the subgrid (e.g., Figure 3). Note that similar
results are found for the other trace gases considered.

Since the concentration distributions of EMS5 and HOM1 are nearly the same
(e.g., Figure 3), the distributions of dry deposition fluxes provided by EMS5 differ
only slightly from those yielded by the computationally more expensive simula-
tion HOM1 (e.g., Figure 4). Comparing the results obtained by EMS5 and HOM5
shows the great impact of subgrid-scale heterogeneity of the surface as well as of
the emission sources on dry deposition fluxes (e.g., Figure 4). Sometimes behind an
extended area of low vegetation, dry deposition fluxes are higher in the first subgrid
cells of a forest area than in the further extend of the forest (see, e.g., Figure 4 area
around x = 40 km, y = 45 km). This finding on the mesoscale broadly agrees
with the increase of turbulent fluxes found at the forest edges in TreeMo-3D (see
Subsection 3.2).

The saving in computational time by using the explicit multi-layer subgrid
scheme (simulation EMS5) instead of a full finer grid resolution (simulation
HOM1) non-linearly depends on model grid resolution and size, the number of
subgrid points applied in the explicit multi-layer subgrid scheme, the number of
hours to be simulated, the amount of trace species and reactions considered, and
on the amount of processors available (see also Tetzlaff and Mölders, 1997). In the
example of our study, the numerical expense due to the explicit multi-layer subgrid
scheme (EMS5; i.e., subgrid refinement by a factor of 5 both in x- and y-direction)
increase by a factor of 4 as compared to the simulation with the coarse resolution
(HOM5). This is about a factor 6 cheaper than the costs for the fully high-resolved
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Figure 3.
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Figure 3 (continued). Distribution of ozone concentration at 1200 LT at a height of 20 m
above ground as simulated by (a) HOM1, (b) HOM5, and (c) EMS5. Horizontal grid extension
is 100 km × 70 km.

simulation (HOM1) whose computational costs are about a factor of 25 higher than
those of the simulation with the coarse grid resolution (HOM5).

As pointed out above, the explicit multi-layer subgrid scheme to consider sub-
grid scale anthropogenic and biogenic emission as well as dry deposition fluxes
was developed within the framework of GESIMA. Note that the explicit multi-
layer subgrid-scheme meanwhile was also successfully implemented into another
mesoscale model (Hinneburg et al., 2001) and provided a similar improvement as
found in our study.

3.2. MICROSCALE MODEL

TreeMo-3D is applied to simulate the turbulent transport fluxes at and within
forests and trees. In order to evaluate the effects of free standing trees, groups of
trees, and forest edges on dry deposition fluxes, the results are compared to those
calculated for a horizontally homogeneous forest. Note that horizontal homogene-
ity is the assumption for a subgrid cell or in conventional mesoscale modeling
even for an entire grid cell. Thus, the following discussion provides hints on the
errors remaining in mesoscale dry deposition flux modeling even when the explicit
multi-layer subgrid scheme is applied, i.e., the influence of microscale effects is
examined.
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Figure 4.
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Figure 4 (continued). Distribution of dry deposition of ozone at 1200 LT at a height of 20 m
above ground as simulated by (a) HOM1, (b) HOM5, and (c) EMS5. Horizontal grid extension
is 100 km × 70 km.

Prior to its application as a tool to evaluate the results provided by GES-
IMA_EMS, TreeMo-3D itself was evaluated by wind tunnel data (e.g., Pahl, 2000).
In doing so, the results simulated by TreeMo-3D for air flow around a single tree
were compared to the air flow around a tree in wind tunnel measurements (Fig-
ure 7). The comparison shows that the main features like vortices, a wake in the lee
of the obstacle, and a strong underflow in the case with a stem are well reproduced
by TreeMo-3D. It also captured the deposition pattern on the tree and on the surface
(e.g., Figure 7).

A wide variety of numerical simulations were carried out with TreeMo-3D (e.g.,
Pahl, 2000). Over an area of 120×50 m2 a group of 14 trees with different heights,
shapes, and leaf area density were arranged and the interaction with a superimposed
wind (2 m/s at the upper left boundary of the model domain) were studied. The
mean canopy height amounts to 12.5 m. Figure 5 demonstrates the complex air
flow in a realistic stand. Comparison of vertical profiles of wind and a test tracer
concentration at different, arbitrarily chosen sites (site A: x/h = 4, 0, y/h = 3, 2
and site B: x/h = 5, 0, y/h = 2, 0), illustrates the large variability of these quan-
tities inside the stand (Figure 8). This example emphasizes a possible application
of the model in planning the location of optimal sites for field experiments in forest
canopies and for a support of an interpretation of observed field date.
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Figure 5. Wind field (arrows) in 1 m above ground around a group of trees (gray) with the
locations of sites A and B for which the vertical profiles of a normalized test tracer concen-
tration are shown in Figure 8. The gray levels denote to the relative deposition related to the
vertical mean of the deposition onto the respective tree in the respective grid-column. Gray
levels represent values from 0 (white, no deposition) to 1 (black, all gas deposited) in steps by
0.1. Note that only deposition onto the trees not onto the ground surface is shown for clarity.
At the left boundary, wind flows in at 2 m/s at the upper boundary of the model.

Figure 5 illustrates as an example the deposition of a test tracer onto the trees at
the height of the respective upper canopy-atmosphere interface. According to the
results provided by TreeMo-3D, the most remarkable increase in eddy fluxes of
trace species of up to a factor of 4 is found at the forest edge which results in an
enhancement in dry deposition. This finding supports the increase of dry deposition
fluxes simulated by EMS5 found for some subgrid cells, which are encountered
initially by the air flow after passing from low vegetation to forest, to be reasonable.
It has to be expected that the dry deposition fluxes determined by GESIMA_EMS
may be underestimated at the low-vegetation-forest-boundary despite the use of
an explicit multi-layer subgrid scheme because the resolution of the subgrid is still
coarse as compared to the typical sizes of trees. As can be derived from Figure 5 the
deposition fluxes vary within the forest, with the exposition of trees to the air-flow,
and even on the trees themselves. In GESIMA_EMS, however, the entire subgrid
cell (EMS5 or in HOM5 even the entire grid cell) is covered by a homogeneous
forest without structure.

Inhomogeneity inside an extended forest also significantly modifies the dry
deposition fluxes of air pollutants as compared to homogeneous conditions (e.g.,
Pahl, 2000). This finding broadly agrees with the results of the studies by GES-
IMA_EMS provided for the real and various synthetic landscapes of different
degree of heterogeneity (e.g., Figures 4 and 5).

Different meteorological conditions, of course, also affect the dry deposition
fluxes. The values given above are valid for an airflow perpendicular to the for-
est edge. By turning the oncoming wind to a parallel flow, the differences in the
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Figure 6. Horizontal wind distribution in the first level above ground for different arrange-
ments and horizontal extensions of forest groups, (a) 25 × 25 km2 and (b) 1 × 1 km2 in
extension. Dark gray patches indicate forest and light gray patches indicate grass. The mean
windspeed amounts to about 5.4 m/s and 2.7 m/s above the grass- and forest-patches, respec-
tively. Figure modified after Friedrich et al. (2000). Wind field is shown on the 5 × 5 km2

resolution of the atmospheric grid.
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Figure 7. Comparison of dry deposition (a) as simulated by TreeMo-3D, and (b) observed
in wind tunnel experiments. Air flow is superimposed as streamlines. Data from wind-tunnel
experiments are taken from Ruck and Schmitt (1986). Like in Figure 5 gray levels refer to the
relative deposition.

situation of a homogeneous stand become smaller than for a wind direction perpen-
dicular to the forest edge (for more details, see Pahl, 2000). A dependence of the
turbulent fluxes on the wind direction was also found by the GESIMA_EMS stud-
ies assuming various synthetic landscapes of forest and grassland (see Friedrich et
al., 2000) as well as of sand and grassland (see Friedrich and Mölders, 2000).

3.3. IMPACT OF CHEMICAL REACTIONS AND HYDRO-THERMODYNAMIC

CONDITIONS

Here, some main features of the aforementioned SANA-experiments (Seiler et al.,
1996) are re-evaluated for comparison of dry deposition fluxes over a horizontally
homogeneous area covered by grass with results determined by mesoscale models,
in general, and GESIMA_EMS, in particular. These measurements give hints on



DRY DEPOSITION OF LONG-LIVED AND CHEMICALLY REACTIVE SPECIES 145

Figure 8. Vertical profiles of normalized concentration at the locations A and B indicated in
Figure 5.

how to treat highly reactive trace gases in the transport processes responsible for
dry deposition. This means that we evaluate the effect of the inclusion of the multi-
layer subgrid (in the vertical direction), which allows to take into account chemical
reactions within the surface layer. Note that an overall evaluation of the horizon-
tal subgrid by chemical measurements requires observational sites that should be
arranged in groups of at least 3 × 3 masts with equal distance in between to catch
the effects of horizontal heterogeneity and advection. Up to now such data do not
exist for highly reactive trace species so that an evaluation of the horizontal subgrid
can only be performed by finer resolved models and a 3D-evaluation by chemical
measurements has to be postponed to the future until such data are available. But
an indirect evaluation of the horizontal subgrid can be performed by looking at the
various categories of hydro-thermodynamical and chemical conditions.

The following three categories of different behavior of the observed HNO3-
fluxes can be distinguished: The first category of chemical behavior, on average,
occurred under the thermodynamic and chemical conditions of fall 1991. For high
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nitric to ammonia ratios (HNO3/NH3 > 3) in combination with low relative humid-
ity and air temperatures higher than 15 ◦C and above 20 ◦C during late morning to
late afternoon the system HNO3–NH3–NH4NO3-sulfat is shifted towards the gas
phase and ammonium nitrate (NH4NO3) will be dissociated if present. This fact is
also confirmed by other authors (e.g., Kramm and Dlugi, 1994; Meng and Seinfeld,
1996; Clegg et al., 1998). HNO3 also exists in the gas phase and deposits in form
of a trace gas, while NO−

3 and NH+
4 are in the particle phase and settle as particles.

Under these conditions ammonium nitrate had typical radii of less than 1 µm (see
also Seidl et al., 1996). At the height of the soil-grass surface, deposition velocities
of HNO3 are lower than 0.06 m/s (cf., e.g., upper leg in Figure 9). The second
category of chemical behavior mainly occurs under cooler and wetter conditions
like those of fall 1993. These thermodynamic conditions favor the formation of
ammonimum nitrate on sulfat- and/or carbon-dioxide-containing particles. This
means that, in the atmosphere, there are sinks for HNO3 and NH3 in the presence
of great amounts (35–85 µg/m3) of the aforementioned particles. At the height
of the soil-grass surface, deposition velocities of HNO3, for example, are above
0.02 m/s up to about 0.03 m/s (cf., e.g., Figure 9). The third behavior occurs when
there is dew in the morning lasting until the early noon. Under these conditions two
concurrent sinks exist, namely, the particle phase as well as the wet grass and/or
soil. If a lot of particles are present, the greatest fluxes of HNO3 are obtained with
increasing mixing ratio of HNO3, because of the two sinks (see left lower leg in
Figure 9). If there are only a few particles, only the wet surface serves as a sink with
a resistance close to zero and a deposition velocity of HNO3 of about 0.018 m/s to
0.03 m/s, at the height of the soil-grass surface. Under these conditions the fluxes
are controlled by the transfer the viscous turbulent sublayer (leg in the center of
Figure 9). Note that in the case of a great number of particles the deposition
velocity of HNO3 reaches up to 0.035 m/s to 0.04 m/s at the height of the soil-
grass surface. This different dominance of hydro-thermodynamic and chemical
conditions suggests that applying an explicit subgrid in the horizontal direction as
in EMS5 will improve the model results as compared to the strategy of dominant
land-use and soil types for coarse grid cells like, for instance, in HOM5 because
the hydro-thermodynamic and chemical conditions are more finely resolved. Note
that a similar behavior as for HNO3 is found for SO2 and O3.

Ideally, a CTM should be able to represent the fluxes in the atmosphere also in
the case of significant contributions of chemical reactions on trace gas fluxes in the
surface layer or even the soil-vegetation system. As aforementioned, most CTMs
apply the constant flux approach to determine deposition fluxes. To examine how
accurate CTMs can determine these fluxes when using this approach for layers of
several meters the raw data of the SANA-field campaigns were transformed into
fluxes in physical units using the balance equation for chemically reactive con-
stituents in a simplified version. In doing so, three methods are applied: (1) assume
chemically conservative species (as in HOM5, HOM1 or most other CTMs), (2)
estimate concentration changes due to chemical reactions from additional mea-
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Figure 9. Fluxes of HNO3 as a function of the HNO3-mixing ratio as observed during SANA.
Diamonds stand for [HNO3]/[NH3] > 3, relative humidity lower than 65% and air tempera-
tures greater than 18 ◦C, squares represent [HNO3]/[NH3] � 1 and (a) relative humidity lower
than 80%, air temperatures between 14 ◦C and 18 ◦C, and (b) relative humidity greater equal
80%, and air temperatures lower than 15 ◦C.

surements, specifying the conditions under which chemical reactions take place
as a function of space and time (as, e.g., in Kramm and Dlugi, 1994, or EMS5),
and (3) use pre-scribed deposition velocities for the various species (as, e.g., in
Wesely, 1989). Note that pre-scribed species-dependent deposition velocities mean
that the biological, thermodynamic, and hydrological processes are ignored. In the
second method, the aerosol and trace gas measurements were analyzed by using
the models of Meng and Seinfeld (1996), Seidl et al. (1996) as well as Clegg et
al. (1998). The chemical reactions of trace gases are determined by a modified
version of Stockwell et al.’s (1990) chemical reaction mechanism. Note that the
explicit multi-layer subgrid scheme as suggested by Tetzlaff and Mölders (1997)
and realized by Hinneburg and Mölders (1999, 2000) and Hinneburg (2001) con-
siders not only the spatial resolution, but also the impact of chemical reactions
within the surface layer. Namely, it calculates the chemical reactions within each
subgrid cell and, hence, realizes a height-dependent profile within the first main
layer above ground (i.e., within the surface layer) that is vertically divided into 10
subgrid layers. Thus, applying the explicit multi-layer subgrid scheme to calcu-
late the concentrations corresponds to the second method (e.g., EMS5), while the
first method represents the procedure customarily applied in mesoscale chemistry
transport modeling (e.g., HOM5).
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Figure 10. Daily averages of net fluxes for some nitrogen compounds and total odd nitro-
gen from measurements including chemical reactions (left column) and without including
chemical reactions (center column) compared to results calculated assuming pre-scribed
species-dependent deposition velocities (right column) for data obtained from SANA 1993.

Figure 10 illustrates for nitrogen compounds and total odd nitrogen (N) ex-
amples of the differences between the results as obtained by the three analyzing
methods. The fluxes obtained by the first method were compared to fluxes calcu-
lated directly from measured covariances or profiles to estimate the flux divergence
caused by chemical reactions. Ideally, the data simulated by CTMs should match
the observations. However, closer inspection reveals that for this comparison the
fluxes calculated with pre-scribed species-dependent deposition velocities are vir-
tually always smaller than those obtained by the constant flux approach for a layer
of several decameters of thickness (Figure 10). The differences in the fluxes even
increase when chemical reactions and emission are considered (Figure 10) as is
done, for instance, by the explicit multi-layer subgrid scheme. These results suggest
that ignorance of the occurrence of chemical reactions and the impact of hydro-
logical, biological and thermodynamic processes may lead to an underestimation
of the deposition fluxes. Thus, based on these findings we may conclude that the
inclusion of the explicit multi-layer subgrid scheme is a step forward to better catch
the impact of hydrological, biological and thermodynamic processes and, hence,
dry deposition and emission fluxes. However, it has to be expected that there will
still be a discrepancy because of uncertainties in the description of the hydrologic
status of the soil-vegetation system, and neglecting the intensity of segregation.
This means that, in chemistry transport modeling, improved results can only be
achieved when the conventional constant flux approximation is not applied for
layers of several decameters. Instead, these models have to be adjusted to allow
the chemical reaction taking place during transport to the surface as is realized by
the explicit multi-layer subgrid scheme.
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4. Conclusions

Generally, results of field campaigns do not allow quantitative description of how
the eddy fluxes of trace species in the near-surface layer and, hence, the respective
dry deposition processes are affected: (1) by horizontally inhomogeneous distrib-
utions of vegetation, and anthropogenic as well as biogenic emission sources of
trace species, and (2) by chemical reactions. The processes that contribute to the
observed concentrations or meteorological quantities cannot be derived from the
concentrations or quantities themselves. Thus, to explain the observed values mod-
els are required. Consequently, numerical models have to be developed to support
the interpretation of field measurements by computer simulations. In doing so, an
explicit multi-layer subgrid scheme was developed and established in GESIMA to
describe the subgrid scale surface heterogeneity, heterogeneity of anthropogenic
and biogenic emission as well as dry deposition fluxes and chemical reactions
closer to their natural equivalent than usually done in conventional CTMs. Since
concurrent field measurements of first moments, like the mean values of trace gas
concentrations, wind speed, temperature, and humidity, and second moments like
eddy fluxes of trace species, momentum, sensible heat, and water vapor, as well
as corresponding variances are still scarce or unavailable, the basis for an evalua-
tion of parameterization approaches like an explicit multi-layer subgrid scheme is
meager. To get a step further in scientific progress despite of this barrier, a concept
was designed to evaluate the explicit multi-layer subgrid scheme by considering
heuristic principles, where (1) results from simulations with the same model for a
grid resolution much finer as customarily used in conventional CTMs performed
for natural and artificial surface heterogeneity as well as (2) those provided by the
evaluated microscale model TreeMo-3D and (3) some reliable measurements serve
as an expedient.

The model results as well as the dry deposition fluxes derived from observations
evidence that parameterization approaches like the explicit multi-layer subgrid
scheme presented here are a step forward to a closer to nature description of dry
deposition, biogenic and anthropogenic emission behavior in modeling dynamic-
chemical processes on the mesoscale. The measurements suggest that the inclusion
of the multi-layer subgrid improves the results as compared to the commonly
applied constant flux approach for a layer of several decameters. Comparing of
the results from the mesoscale model with and without the explicit multi-layer
subgrid scheme with the results from the mesoscale model with fine resolution or
the microscale model shows that the explicit multi-layer subgrid scheme improves
the description of the horizontal variation of the dry deposition fluxes.

The results from the studies with artificial landscapes of different degrees of het-
erogeneity, and distribution of forest groups show that when applying the strategy
of dominant land-use type, the margin of error in the regional fluxes depends on the
horizontal resolution of the model. The results from zooming into the forest groups
give evidence for significant modification of the eddy fluxes of trace species, and,
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hence, of dry deposition processes. The most remarkable increase in these eddy
fluxes amounts to up to a factor of 4 at the forest edges. Consequently, mesoscale
models will probably underestimate dry deposition at the boundary between low
and high vegetation and vice versa even if an explicit multi-layer subgrid scheme
is applied. It is worth mentioning that the microscale effects of the edges of a forest
will amount only to a few percent if there are no further edges within the subgrid
cells in EMS5.

The accuracy of all branches within the cycle of a trace constituent is gov-
erned by the branch with the least accuracy. Consequently, it has to be suspected
that in most cases dry deposition is the weakest link in the chain of emission-
transport-transformation-deposition because in the near-surface layer the transfer
and transformation of trace species is strongly affected by the energy and water
cycles. These cycles, of course, are governed by the surface properties. Since one
is interested in determining the input of trace species into sensitive ecosystems,
considerable efforts to improve our understanding of the processes governing dry
deposition are justified. The scarcity of complete and quality controlled field data
which can be used for an evaluation and their limitation to few cases underlines the
shortcomings. Nevertheless, the outlined approach yielded some improvements for
modeling dry deposition processes. A final evaluation of the model results has to be
postponed until concurrent measurements, at least, of first and second moments of
all quantities involved in dynamic-chemical processes are available with sufficient
spatial and temporal resolution. Since the results of TreeMo-3D showed that the
distribution of these quantities may vary strongly within the canopy, the locations
of measuring sites have to be chosen carefully.

Based on our findings that even with consideration of horizontally inhomoge-
neous distributions of vegetation as well as anthropogenic and biogenic emission
sources of trace species and chemical reactions in the prediction of dry deposition
processes as done by the explicit multi-layer subgrid scheme simulated dry deposi-
tion fluxes may be underestimated, may be a hint that higher moments are of great
importance and have to be included in future. Consequently, canopy turbulence
models of, at least, higher than one-and-a-half-order closure that are able to predict
segregation effects have to be developed.

A rigorous evaluation of the explicit multi-layer subgrid scheme and the simu-
lations of CTMs requires data-sets of anthropogenic emissions, air constituents and
meteorological quantities as well as water-, energy- and trace gas fluxes in a high
quality, spatial and temporal resolution for the region under study. The available
data-sets are not yet ready to fulfil this objective. To improve the possibility to
evaluate CTMs, measurements of segregation effects (e.g., Kramm and Meixner,
2000) are an urgent need. In addition, to catch the effects of heterogeneity ob-
servational sites should be arranged in groups of at least 3 × 3 masts with equal
distance in between. This group of mast should be installed so that they cover
a boundary of different land-use. Until such data-sets are available we can only
try to evaluate simulated dry deposition fluxes as performed in our study, namely,
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by using a combination of available measurements, more detailed simulations,
for instance, by higher resolved models or models which have been evaluated by
different independent data.
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