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ABSTRACT
The Integrated Deposition Model (IDEM) was improved by incorporating a novel multilayer biochemical dry deposition

module for gases. The aerosol and base cation deposition module was adopted from IDEM. For evaluation of primary and
ecosystem productivity, carbon respiration schemes were included. The resulting Framework for Atmosphere-Canopy
Exchange Modelling (FACEM) was then evaluated by the case studies presented here. First, results for deposition of

SOy, NOy and NH, were compared with site observations, showing correlations of up to R? =0.60. Applicability for grid
deposition calculations for these compounds was then evaluated for Europe. The model was clearly able to reproduce
the elevated deposition near the important emission areas in Europe. Next, we compared the modelled CO; fluxes with

measurements from 26 European sites. Correlations of up to R?> = 0.81 indicate good performance. To evaluate grid
performance, the 2003 European heat wave was studied in a final case study, resulting in convincing correspondence

with the observed productivity anomalies.

1. Introduction

The development of practical models that are able to reproduce
site-level observations remains a challenging issue for atmo-
spheric modellers. Atmospheric deposition for instance is deter-
mined by many physical and chemical processes that take place
simultaneously on a large range of temporal and spatial scales.
One other related challenge is that deposition modelling involves
many fields of expertise. Much effort has been put into perform-
ing measurements for different vegetation types and species (e.g.
Bennet et al., 1973; Wesely, 1989; Hicks et al., 1991; Erisman
and Draaijers, 1995; Katul et al., 1996; Meyers et al., 1998; Pleim
etal., 1999). Also, many theories and models have been devel-
oped, describing the driving mechanisms for the physical, chem-
ical and biological processes. Another important area of related
research is the development of biosphere-atmosphere exchange
models in which many sub model scale processes described by
these theories have been incorporated (e.g. Running and Cough-
lan, 1988; Potter et al., 1993; Sellers et al., 1996; Adiku et al.,
2006). By doing so, a large amount of sometimes poorly verifi-
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able parameters are introduced, resulting in a possible accumu-
lation of uncertainties. The computational efforts required to run
the comprehensive models are very often considerable, rendering
these models impractical for usage in impact studies. This paper
introduces a first version of the Framework for Atmosphere-
Canopy Exchange Modelling (FACEM). This framework con-
sists of a combination of mechanistic and empirical sub models.
We choose to incorporate mechanical models only when the un-
derlying processes are considered sufficiently well understood
and when it is expected that such models will actually improve
overall accuracy. In all other cases measurements are used, if
available. Furthermore, high computational efficiency is required
as the ultimate goal is to develop a framework suitable for impact
studies involving a large number of simulations. Section 2 de-
scribes of the original model from which FACEM was developed.
The implemented improvements are described in Section 3. The
model-to-measurement comparisons are discussed in Section 4
and summarized in Section 5 and 6.

2. Model description

The Integrated dry Deposition Model (IDEM) framework
(Bleeker et al., 2004; Erisman et al., 2004; Gauger et al., 2003)
is an inferential scheme, which evolved from the model for Eu-
ropean Deposition of Acidifying Components on a small Scale
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(EDACS: van Pul et al., 1995) and contains a module for cal-
culating dry Deposition of Acidifying Components (DEPAC:
Erisman et al., 1994). In inferential models (e.g. Garland, 1977;
Hicks etal., 1991) the deposition flux F’ of a certain chemi-
cal species i to the surface is calculated as the product of the
measured—or modelled—difference between the ambient and
surface concentration (C', and Cj), respectively) and the deposi-
tion velocity of the observed species, v/:

Fl =, (C, - Cj). ey

The different right hand side terms of this equation are explained
in the following sections.

2.1. Deposition velocity

The deposition velocity is derived from a multiple-resistance
transfer model consisting of a single (big leaf) or a multilayer
representation of the surface layer. The different processes are
represented by a chain of resistances including: (i) the aerody-
namic resistance R,. This resistance accounts for the turbulent
diffusion in the surface layer, (ii) the boundary-layer resistance
R,. This resistance accounts for the molecular diffusion through
the layer just above the surface layer, and finally, (iii) the sur-
face resistance R, which describes the processes taking place at
the surface. Within a canopy, the surface resistance is strongly
influenced by the photosynthetic response of the canopy to am-
bient conditions and restrictions, which is modelled by the leaf
stomatal resistance Ry;.

The single layer IDEM model uses the stomatal resistance
scheme described by Baldocchi etal. (1987). Furthermore,
IDEM uses empirical functions for the remaining resistances,
e.g. the cuticle resistance, R.. These empirical functions have
been established by many micro meteorological, concentra-
tion and deposition flux measurements at forest and cropland
sites. The approach is to first determine the aerodynamic and
boundary-layer resistances, and thereafter deduce the surface
resistance from the deposition flux equation (eq. 1) and the ob-
served deposition flux. The surface resistance is specified per
vegetation type and for a range of environmental conditions.

The multilayer BioChemical (MLBC) model (Wu etal.,
2003b) uses a mechanical multilayer model for photosynthesis
(Berry and Farquhar, 1978; Collatz et al., 1991) to calculate the
stomatal resistance, and a passive membrane transport model for
calculation of the cuticle resistance. The photosynthesis scheme
provides a full description of the stomatal resistance coupled to
the biochemical mechanisms governing photosynthesis and also
considers the (coupled) effects of environmental conditions. The
multilayer approach allows for a more adequate treatment of the
nonlinear transport of radiation through the canopy.

In FACEM, we have replaced the single layer IDEM model
by the more sophisticated MLBC model. By adding this more
generic approach we expect to obtain a framework which is gen-
erally applicable to deposition calculations at high temporal and
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spatial resolution. Recent studies (Meyers et al., 1998; Wu et al.,
2003b) confirm that the multilayer approach improves deposition
model performance. Furthermore, the biochemical scheme for
photosynthesis provides an opportunity for extension towards a
more generic approach for the species of interest, enabling com-
bined evaluation of nitrogen, sulphur as well as carbon fluxes.
The model-to-measurement comparisons for the carbon fluxes
presented in this work required us to incorporate carbon respira-
tion schemes. These schemes will also enable future comparisons
with results from other models and are described in more detail
in Section 3.2.

2.2. Background and surface concentrations

The surface layer is very often considered to be a perfect sink
for depositing species and that therefore the surface concen-
tration can be set to zero. However, several studies show that
this assumption is in some cases invalid for NH;. For example,
Farquhar et al. (1980) showed that nitrogen metabolism can pro-
duce NHj. In that case, Cy may even exceed C,, resulting in
emission rather than deposition of NH3 (Sutton et al., 1996).
Dry deposition is also reversible for most gas species and it can
therefore be expected that for some cases the surface layer will
act as source rather than a sink. This means that for these cases,
the surface concentration cannot be set to zero. In this study, we
consider the case for the reemission of NHj only.

Equation 1 implies that the deposition of a certain species i is
not influenced by the deposition and presence of other species.
However, for example in the case of simultaneous deposition of
SO, and NHs, e.g. Erisman and Wyers, (1993) found mutually
dependent deposition fluxes and incorporated a correction for
co-deposition of SO, and NH; DEPAC. This parameterization
is adopted for FACEM.

The presence of water on leaf surfaces influences the surface
chemistry and thereby the co-deposition of SO, and NHj3. Several
studies (e.g. Garland, 1977; Fowler and Unsworth, 1979; Fowler,
1985; Schuepp, 1989; Erisman and Wyers, 1993; Flechard et al.,
1999; Finkelstein et al., 2000; Wu et al., 2003b) show that SO,
deposition depends on humidity and temperature. Although po-
tentially important, we do not account for the temperature and
humidity dependence of co-deposition.

3. Model framework development

First, the MLBC and the DEPAC deposition modules were in-
tegrated. The original MLBC model is applicable for site-level
calculations only. Local meteorological conditions, the vegeta-
tion Leaf Area Index (LAI) and the Available Soil Water (ASW)
must be measured and used for input. To reduce the depen-
dency on the availability of measurements, the input require-
ments were adapted for meteorological data from the Euro-
pean Center of Medium-range Weather Forecasts (ECMWF).
For the purpose of studying the carbon cycle, simple carbon
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respiration schemes were added to the biochemical photosyn-
thesis scheme provided by the MLBC model. The following
sections describe the integration of the two deposition modules
(Section 3.1), incorporation of the respiration schemes (Section
3.2) and finally the required general framework improvements
(Section 3.3).

3.1. Integration of DEPAC and MLBC deposition
modules

The original MLBC model is only applicable for gaseous species
whereas DEPAC is applicable for gaseous and as particulate
deposition. Therefore, two classes of species were considered
for the development of FACEM, namely: (i) gaseous species;
including SO,, O3, HNO;, NO, NO; and NHs, (ii) and par-
ticles; including SO4, NO;, NH,4 and base cations. The CO,
and H, O fluxes are calculated in the stomatal resistance scheme
of the MLBC model. Wu et al. (2003b) show that the model
results for CO,, H,0, O3 and SO, agree well with the mea-
surements performed at several sites. A parameterization for
HNO:s is also implemented in the original MLBC model, how-
ever the authors did not evaluate the performance for this species.
For the development of FACEM, NO,, NO and NH; were also
added. DEPAC contains a scheme for cases in which the leaf
surface acts as a source for NH3 and this model furthermore
accounts for co-deposition of NH3 and SO,. Both approaches
were adopted for this study. Finally, the single layer base
cation deposition scheme of the DEPAC model was adopted for
FACEM.

3.2. Addition of respiration schemes

The MLBC model describes photosynthesis as this is a driving
mechanism for the opening and closure of leaf stomata and the
corresponding exchange of CO, and water vapour. As aresult, the
MLBC model provides estimates for Gross Primary Productivity
(GPP), the uptake of CO, due to photosynthesis. However, this
quantity is difficult to measure directly because other processes

are at the same time (and place) responsible for (re)emission of
CO;. The fluxes resulting from these respiration processes are
divided into two groups: autotrophic and heterotrophic respira-
tion (R, and Ry). Ry, is the carbon that is re-emitted as a
result of plant growth and tissue maintenance. R, is the amount
of carbon that is emitted due to microbial activity in the car-
bon pools within the soil and vegetation litter layers. Quantities
that are more often measured, are the Net Primary Productivity
(NPP) and the Net Ecosystem Productivity (NEP). The NPP is
calculated as GPP-R,,,,, and subsequently, NEP is calculated as
NPP-R;,. Simple autotrophic and heterotrophic respiration mod-
ules were implemented in FACEM to allow for validation of NPP
and NEP, and herewith indirectly the GPP estimates obtained by
the model calculations.

3.2.1. Autotrophic respiration. Autotrophic respiration consists
of maintenance and growth respiration, R,, and R, respectively.
The former is estimated by a scheme adopted from an algorithm
used to produce MODIS NPP products (Heinsch et al., 2003).
This algorithm is based on the assumption that the maximum
sustainable leaf biomass is linked to the amount of live-wood
and fine-roots. In this approach, the leaf mass at a certain time ¢
is calculated using the following expression:

_LAI@®)
"7 SLA
where SLA is the specific leaf area, which is a vegetation-

, @3

dependent constant given for different types of vegetation in

Table 1. The following expressions are used to calculate the

/)

live-wood and fine-root maintenance respiration, R or R re-

spectively:

T-20.0

00, i = [lw, fr] 3

i i a
Rm - MiR)71,20 10

where Qf is the vegetation-dependent Arrhenius ratio and

R, 5 is the maintenance respiration at 20°C for plant com-
partment i, again shown in Table 1. The live-wood and fine-
root biomass (M;,, and M ;) are calculated using the following

expression:

M; = rilMl.nwx- i= [lw, fr] 4

Table 1. Land cover classification and vegetation-dependent model parameters

Height  Profile SLA o f fi R\ R Ry 15 Ry
Vegetation type m - m?kg~! - - - kgCm~2d~! kgm~2d~! kgm2yr~! kgm2yr~!
Deciduous broad leaf 23.0 2 322 2.0 1.1 0.203 0.00519 0.00371 0.047 0.026
Evergreen broad leaf 16.0 2 20.3 2.0 1.1 0.162 0.00519 0.00397 0.042 0.026
Evergreen needle 23.0 2 16.1 2.0 13 0.081 0.00519 0.00322 0.049 0.032
Cj3 crops 0.5 1 40.0 2.0 2.0  0.000 0.00619 0.00000 0.050 0.037
Cj3 grasses 0.5 1 40.0 2.0 1.0 0.000 0.00519 0.00000 0.042 0.031
C4 crops 0.5 1 40.0 2.0 2.0  0.000 0.00619 0.00000 0.050 0.037
C4 grasses 0.5 1 40.0 2.0 1.0 0.000 0.00519 0.00000 0.042 0.031
Shrubs 0.5 1 18.0 2.0 1.4 0.079 0.00519 0.00436 0.038 0.032
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In this equation, M, ., is the maximum leaf biomass during

the growing season, calculated using eq. 2. The factor 7 is
the vegetation-dependent ratio between leaf biomass and the
biomass in plant compartment i, representing either the live-
wood or the fine-root compartment (see Table 1). The leaf main-
tenance respiration R, is calculated in the stomatal resistance
scheme (Collatz et al., 1991, 1992) and depends on the photo-
synthetic pathway:

Rl]n _ 0.015V,,4, for C; plants )

0.025V,,,4x for C, plants

Here, V., is the maximum catalytic capacity of Rubisco, an
enzyme required to catalyze the first important reaction in car-
bon fixation. Following the approach used by Knorr (2000), the

growth respiration is then calculated as follows:
R, = f,(GPP — R,, — R,). (6)

The factor f, is an empirical factor equal to 0.25. The GPP is
provided by the stomatal resistance scheme adopted from the
MLBC model. Now, NPP can be calculated using the following
expression:

NPP = GPP — R,, — R,, ©)

where R,, is the sum of all maintenance respiration processes
and R, is the growth respiration.

3.2.2. Heterotrophic respiration. A heterotrophic respiration
scheme is required for estimating the NEP. Heterotrophic res-
piration is generally considered to be linearly dependent on
soil carbon content. Many biosphere models (e.g. Running and
Coughlan, 1988) therefore use long term spin-up runs to build up
a soil carbon pool, based on the modelled history of vegetation
growth and mortality. For FACEM, we have used the soil carbon
data from the IGBP-DIS database (see Section 3.3.5.), which is
derived from many measurements. This was partly for practical
reasons. However, incorporating a mechanistic scheme to build
up a soil carbon pool requires numerous schemes for biological
and soil transport processes to be included, herewith introducing
a large amount of new parameters with significant uncertainty.
The question is whether this is desirable. On a yearly basis, het-
erotrophic respiration will decrease the soil carbon pool by only a
few percent (Ito and Oikawa, 2000). Furthermore, the soil carbon
pool will be replenished by litter fall and biomass mortality. The
total amount of carbon in the soil is generally two to three orders
of magnitudes larger than the heterotrophic respiration fluxes
and therefore. Therefore, we assume that the error introduced by
neglecting the carbon pool variability is small compared to the
uncertainties introduced by the parameters in the expressions for
heterotrophic respiration from the litter and humus layer, R and
R!" (Ito and Oikawa, 2000; Aurora, 2003)

R, = R} sC; fisgi. i = [Il, hl] (3)

Here, R, 5 is the vegetation-dependent respiration rate at 15 °C
(see Table 1) and C; the soil carbon pool for soil compartment i,
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obtained from the IGBP-DIS dataset. The factor f5 is given by

(T'—15.0)

fis= 0 ™0, )

where Q7 is assumed to be dependent on the soil temperature

(T) and is given by the following expression:

ol = 62.04(17 % ) (10)

The optimum temperature (T,,,) for heterotrophic respiration is
set equal to 36.9 °C. For the humus layer, the factor g;; in eq. 8
is provided by the following expression:

In(¥)—In(¥sar)
1= 0.5 0y 0-04= ¢ > Y
L, 0.06 > y > 0.04
8 = In(y)—In(0.06) (11)
- 1)1(7;0040)111;1(0.06)’ 100.0 > ¥ > 0.06
0. Y > 100.0

In this expression, ¥ is the soil water tension, given by

0 —c
Y = Ysa (a) . (12)

The parameters v, and 6, (the saturated soil moisture content,
expressed in terms of soil water tension and content, respectively)
and c are related to the soil type. For the litter layer, the factor g,
is calculated using an expression similar to eq. 11. In this case, we
assume that the heterotrophic respiration from the litter layer is
not limited by high moisture content (or low soil water tension).
For this study, the amount of carbon in the litter layer was set to
1% of the total amount of carbon in the soil. The approximation
for heterotrophic respiration can be used to obtain NEP from
NPP using eq. 7 introduced in the previous section:

NEP = NPP — R, (13)

where R, is the sum of all heterotrophic respiration
processes.

3.3. Improved model input

3.3.1. Implementation of meteorological data. The original
IDEM model uses ECMWF meteorological data and this ap-
proach was used for the development of FACEM. For the case
studies presented in Section 4, we have used data with a spa-
tial resolution of 1° for the years 2000-2003. The original tem-
poral resolution of the ECMWF data was 3, hr and we have
linearly interpolated these data to a temporal resolution of 1,
hr. The data are not readily applicable for FACEM model cal-
culations because the ECMWF model has its own roughness
length parameterization. At a specific site, the ECMWF mod-
elled roughness length 7z generally differs significantly from
the site-level roughness length zy and displacement heigh (D) cal-
culated by the model of Massman (1997). Using the ECMWF
wind fields for the surface layer, without accounting for the
effect of the local roughness length, would therefore lead to
over or underestimation of the wind speed required for calcu-
lation of the aerodynamic and boundary-layer resistances. The
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wind fields are therefore corrected using the local roughness
length and displacement height. This correction is performed
in FACEM by following an approach introduced by Wieringa
(1986). First, the ECMWF wind speed Uy at a certain height z
in the surface layer is scaled to the wind speed U,, at the blend-
ing height z,. At this height, the effects of all surface inhomo-
geneities are assumed to be blended into the mean flow. The wind
speed at the blending height is calculated using the following
expression:

In(08) — W,
Up = Up——
P () — i, (

20.E

(14)

This equation is derived from the standard definition of the sur-
facelayer (e.g. Stull, 1988; Liuet al., 1979). The same expression
is then used to scale the wind speed at the blending height back
to the original height, but this time by using the local roughness
length zy and displacement height D:

N e
Un(2l ), (52, )

The ¢ -functions from ?) were taken from the MLBC model.
In this approach, it is assumed that the Monin-Obukhov length

|t|
=8
N—

U=

s)

=~

L, obtained from ECMWEFE, is applicable for both expressions.
Strictly speaking, this assumption is invalid because eq. 15 re-
quires the site-level Monin-Obukhov length. However, the error
introduced by this assumption will generally be less than the
error made without compensating for local roughness, provided
that the two following criteria are met: (i) the blending height
is chosen to conform with the length scale of the major sur-
face inhomogeneity. Apart from being dependent on the atmo-
spheric stability, the blending height is a function of the horizon-
tal scale of the surface heterogeneity (Mason, 1988; Claussen,
1990; Mahrt et al., 1998; Philip, 1997; Ma and Daggupaty, 1998;
Verkaik, 2000), and (ii) the local velocity U is calculated at ap-
proximately the same effective height (z — D) as the height z
from which Ug was obtained. In FACEM, the blending height
is set to 60 4+ D meters. In case of zero displacement height,
this corresponds with a surface inhomogeneity scale of several
hundreds of meters. After correction of the wind speed, the lo-
cal turbulence parameters such as the friction velocity and the
Monin-Obukhov length are re-evaluated.

3.3.2. Implementation of concentration data. The concentration
data required for FACEM is calculated by the Danish Eulerian
Hemispheric Model (DEHM) and was provided by NERI, Den-
mark (Christensen, 1997; Frohn et al., 2002, 2003; Geels, 2003;
Geels et al., 2004). The concentration data is available at a spa-
tial resolution of 0.5° and a time resolution of 3 hr. The DEHM
model uses emission inventory data at a resolution of 50 km to
produce concentration fields for many components, including
S0O,, SO4, NO, NO,, NO3, HNO;, NH;3 and NH,, the species of
interest in this study.

3.3.3. Implementation of the land cover dataset. Recently, the
SYNMAP (Jung etal., 2006) land cover dataset has become
available to the scientific community. This synergistic global
dataset provides land cover data with spatial resolutions of up to
1km and has been derived from the Global Land Cover Charac-
teristics dataset (GLCC: Loveland et al., 2000), the global land
cover classification for the year 2000 (GLC2000: Joint Research
Centre., 2003), the MODIS MODIS land cover product (Friedl
et al., 2002) and continuous tree cover data provided by the Ad-
vanced Very High Resolution Radiometer (AVHRR). One of
the main reasons for choosing this land cover dataset is that
it is partly derived from the MODIS land cover product and
MODIS satellite observations are required as an important input
for calculations with FACEM (see Section 3.3.4.). The fact that
several other high-resolution global land cover datasets were
joined to obtain SYNMAP (Jung et al., 2006), was also con-
sidered to be potentially advantageous for future comparison
studies. For this work, the SYNMAP dataset was aggregated
to a resolution of 0.25°, using the land cover classification
scheme shown in Table 1 that summarizes the vegetation heights
and the canopy structure profile indices (Massman, 1982; Wu
etal., 2003a) assumed for the different land use classes. The
results presented in Section 4 were obtained by assigning the
dominant land cover type to each grid cell. Grid cells for which
a dominant land cover type could not be determined were
excluded. Future studies will include a fractionated approach
because we expect this will improve the model performance
significantly.

3.3.4. Implementation of MODIS dataset. The required LAI
data in this study have been obtained from the MODIS dataset
(Knyazikhin et al., 1999) because the MLBC model itself does
not calculate vegetation growth. The monthly averaged LAI data
used for this study however contain gaps. These gaps are mainly
due to MODIS instrument and meteorological limitations, e.g.
the presence of clouds. The gaps are filled by averaging all other
LAI data for the same land cover type in the 2° latitudinal band
surrounding the individual site. If no LAI data is available for a
certain month and latitudinal band, then LAI data available for
the remaining months is interpolated using linear spline interpo-
lation (Press et al., 1992).

3.3.5. Implementation of IGBP-DIS dataset. The soil charac-
teristics required for the water stress model implemented in
the photosynthesis scheme of the MLBC model (Wu etal.,
1989), were obtained from the IGBP Data Information Sys-
tem (IGBP-DIS: Global Soil Data Task Group., 2000). This
dataset provides soil structure data in terms of percentages
sand and clay. These classes are then transformed to match
the classification implemented in the MLBC model (Schaap
and Leij, 1998; Schaap etal., 2001). The data setalso pro-
vides the soil carbon content data required for the heterotrophic
respiration scheme introduced in Section 3.2.2 For this study,
the IGBP-DIS dataset was aggregated to a spatial resolution
of 0.25°.
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4. Model evaluation by different case studies

We have tested the overall performance of the FACEM model
using a set of different case studies. The results are shown in the
following sections.

4.1. Acidifying and eutrophying components

4.1.1. Site-level calculations. The site-level deposition calcu-
lations were performed for Level II forest plots of the Inte-
grated Cooperative Programme (ICP) of the Convention on
Long-Range Trans boundary Air Pollution (CLRTAP). In this
program, the Level I and Level II measurement network was
established, enabling monitoring of forest conditions and their
spatial and temporal changes in Europe. The Level I network
consists of approximately 6000 monitoring sites for basic forest
condition measurements, while there are more than 860 Level
II sites for more extensive measurements. At 360 of these Level
II sites, atmospheric deposition is measured. This dataset allows
for evaluation of the FACEM deposition estimates. The depo-
sition measurements at the Level II sites consist of throughfall,
stemflow and bulk deposition measurements. These measure-
ments can be used as an input for the Canopy Budget Model
(CBM: Draaijers and Erisman, 1995), which yields estimates for
total deposition to a forest. Although uncertainties in the result-
ing deposition estimates can be as large as 40% (e.g. Draaijers
and Erisman, 1995; Draaijers et al., 1998), these estimates allow
for some quantitative validation of the FACEM results. For the
comparison, wet deposition estimates were added to the FACEM
and IDEM dry deposition calculations. These wet deposition data
were provided by the DEHM model, described in Section 3.3.2
We have chosen a subset of sites by matching the land use clas-
sifications in the Level II site descriptions and the classifications
provided by the SYNMAP dataset. Sites for which the classifica-
tions did not match were excluded for the comparison, resulting
in exclusion of about 60% of the sites, with 92 sites remain-
ing. Figure 1 shows the distribution of these sites over Europe.
We performed calculations for the year 2002 using FACEM and
IDEM and compared the results for the total annual deposition
of SO,, NO, and NH, with the CBM deposition estimates for
the selected sites. Table 2 shows the performance of FACEM and
IDEM for this comparison, illustrating an improved correlation
for SO, (R?> = 0.60) for FACEM compared with IDEM (R? =
0.45). A slight improvement in correlation was also found for
NH, (R?> = 0.42 instead of R?> = 0.34), but especially in terms of
the bias between the model results and the CBM deposition esti-
mates (99 molha~'yr~! instead of 217 molha™'yr™"). For NO,,
the results for both models are similar in terms of correlation
(R? = 0.35). For both models, this poor correlation is accompa-
nied with a significant underestimation of the variability com-
pared with the CBM estimates. Considering the fact that both
models yield comparable results but are using a very different
approach to model the deposition, the poor performance could
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Fig. 1. Distribution over Europe of the 92 Level II sites included in the
comparison.

Table 2. Model-to-measurement comparison for the different
components of the 92 European Level II sites included in the

comparison
Component ~ Model Results
R? o Bias
— [molha—! yr- g [molha—! yr- g
SO, FACEM  0.60 113 30
IDEM 0.45 130 19
CBM — 110 -
NO, FACEM 035 143 —58
IDEM 0.35 155 —34
CBM - 258 —
NH, FACEM 042 435 99
IDEM 0.34 491 217
CBM — 353 -

very well be explained by inconsistencies in the CBM estimates.
However this discrepancy remains unsolved because no other
dataset exists for further analysis.

Since FACEM includes a mechanistic photosynthesis scheme
for multiple layers, a scheme that requires additional data which
are currently only scarcely available, we believe that this good
comparison with a less demanding but well-validated model like
IDEM s very promising for future applications. The introduction
of the photosynthesis scheme will also allow for future applica-
tions in integrative studies for biosphere-atmosphere exchange
of nitrogen, sulphur and carbon fluxes. FACEM is evidently ade-
quate in reproducing the deposition estimates obtained using the
CBM, given the fact that there are large uncertainties involved
in both the measurements and (the parameters required for) the
modelled processes.
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Fig. 2. Spatial distribution of annual deposition [eqha~'yr—'] and yearly averaged background concentrations [1g m~>] of (a, b) SOy, (c, d) NO,,

and (e, f) NH, over Europe in 2002.

4.1.2. Grid-level calculations. Following the calculations for
specific (forest) sites, a first grid-based calculation was per-
formed for the European domain. These calculations required
other data sources than those used for the site calculations (see
Section 3.3) and were performed at a spatial resolution of 0.25°
and a temporal resolution of 3 hr. Input data like monthly LAI,
meteorological data and concentrations were interpolated to the
output resolution of 0.25°. Figure 2 shows the modelled deposi-
tions for SO,, NO, and NH,. Contrary to the site-level deposition
data, the data shown here consists only of dry deposition; wet
deposition is not included. The spatial distributions shown in
Figure 2 are to a large extent governed by the distribution of the
DEHM concentration data (see eq. 1). Due to the strong relation
between the concentration fields and the emissions, the result-

ing deposition data clearly show the important emission areas
in Europe with clear differences for the different components,
shown by the distributions of the yearly averaged concentrations
for SO, NO, and NH, also shown in Figure 2. Further research
is required to gain more insight in the representativeness of the
modelled deposition fluxes. After further validation of the data,
model results like those presented here can be used for inves-
tigating deposition loads to different ecosystems and/or other
receptors in relation to observed effects.

4.2. Carbon dioxide

4.2.1. Site-level calculations. In order to verify the CO, fluxes
calculated by FACEM quantitatively, we have performed a

Tellus 59B (2007), 3



HIGH RESOLUTION ATMOSPHERE-CANOPY EXCHANGE MODELLING 419

Flux Sites
DBF g
& EBF o 4
i ENF ;
G
& MF

Fig. 3. Overview of 26 plots with different kinds of vegetation, used
for site-level comparison with modelled CO; fluxes. DBF = deciduous
boreal forest, EBF = evergreen boreal forest, ENF = evergreen needle
forest, G = Grassland and MF = Mixed forest.
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Fig. 4. Model performance in terms of correlation (R) and normalized
standard deviation o,,, compared with site-level CO, flux
measurements during the summer months of 2000-2003 for 26 ICP
plots with different kinds of vegetation. DBF = deciduous boreal
forest, EBF = evergreen boreal forest, ENF = evergreen needle forest,
G = Grassland and MF = Mixed forest.

site-level comparison with CO, flux measurements from 26 sites
participating in the CarboEurope Integrated Project, see Figure 3.
Grid-level calculations were performed for the summer months
of 2000-2003, with a temporal resolution of 1 hr and a spatial
resolution of 0.25°. The model results for the site-level measure-
ments were obtained by extracting the results from the grid-cells
of residence (Fig. 4). The model generally shows good corre-
lations (up to R*> = 0.81) with the measured values. In some
cases, the variability is over or underestimated by 50%, which is

Tellus 59B (2007), 3

illustrated by the normalized standard deviation o, in the figure.
However, these kind of differences are not uncommon this kind
of comparisons and as the order of magnitude of the modelled
variability is approximately the same as the measured variability,
we consider these results acceptable.

4.2.2. Grid-level calculations. As a case study for grid-level ap-
plication, calculations were performed to study the GPP, NPP
and NEP anomalies observed during the summer of 2003. The
anomalies were caused by a period of high temperatures and se-
vere draught during the summer of that year (Ciais et al., 2005).
Because we expected that the effects of the draught on the veg-
etation would be visible in the MODIS LAI data and this in-
formation would actually force the model results towards the
actual observations, we chose to apply the LAI data for the year
2002 for all summers of 2000 to 2003. We also used the same
distribution of soil water content for the start of each summer
period. This initialisation was based on the hydraulic characteris-
tics of the different soil types. The 2003 anomaly was calculated
as the difference between the average of each summer month
of 2003 and the average of each summer month of 2000-2002.
The results for July are presented in Fig. 5, in which the pri-
mary production anomalies are clearly visible. Ciais et al. (2005)
found significant decreases in primary productivity for France,
Italy, Romania and the Ukraine. The FACEM model results pre-
sented here agree well with these findings. Apparently, the high
temperatures and severe draught in the summer of 2003 caused
severe depletion of the available soil water in large regions of
France, Italy and Romania. The extended Hadley cell responsi-
ble for the heat wave in the Southwestern part of Europe was
also responsible for more rainfall and lower temperatures in the
Northeastern part of Europe (e.g. in the Ukraine). This again re-
sulted in a decrease in primary productivity. The results of the
calculations with FACEM presented here confirm that lower or
higher soil water availability, associated with respectively higher
or lower temperatures were indeed the most important meteo-
rological factors influencing the primary production anomalies
during the summer of 2003. Interestingly, Fig. 5 shows a posi-
tive NEP anomaly in the Western part of Europe and that it is
closely related to the available soil water. Whereas GPP and NPP
are reduced, it appears that this reduction is partly, and in some
cases completely compensated by a reduction of heterotrophic
respiration, again due to low soil water availability (see eq. 11).
Figure 6 shows the GPP anomaly obtained from the MOD17A2
product derived from MODIS satellite observations (Heinsch
etal., 2003). These data show a more pronounced effect due
to the heat wave than predicted by FACEM. Furthermore, the
MOD17A2 data clearly show an increase of GPP in the Ukraine
whereas a decrease is modelled by FACEM. Also, the model
does not reproduce the strong increase in the GPP in the South-
ern part of Sweden although it appears that the observed anomaly
is also less pronounced in this region than in other parts of Swe-
den. Of course, some discrepancies were expected because the
simulations were performed using LAI data of the year 2002 for
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Fig. 5. Overview of results for 2003 anomaly for the (a) GPP anomaly [umolCm_zs_l], (b) heat flux anomaly [Wm™2], (c) NPP anomaly
[wmolCm~2s~!], (d) available surface water anomaly [mm], (¢) NEP anomaly [xmolCm~2s~!] and (d) soil temperature anomaly [K].

all years. Figure 7 shows the difference between the LAI obser-
vations for July 2002 and the observations for the same month
in 2003. The observed LAI was either comparable or, especially
for France, lower during July 2003, except for a region in the
Ukraine near the black sea. For this region, this difference ap-
pears to be responsible for the difference between the modelled
and observed GPP anomaly. For the other regions, this explains
the more pronounced anomaly observed by MODIS. However,
this statement does not hold for the southern part of Sweden. This
could be caused by an overestimation of the available soil wa-
ter and therefore inhibition of the photosynthesis by the model.
On the other hand, a more detailed analysis of the data quality
of the MOD17A2 GPP estimates shows that these estimates are
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less reliable for this region (see Fig. 8). Unfortunately, site-level
measurements for this particular region were not available at the
time of this study and therefore further analysis was not pos-
sible. Grid-based observations for net primary and ecosystem
productivity are in general only scarcely available, if available
at all. The MOD17A3 (Heinsch et al., 2003) NPP data, from
which the FACEM respiration scheme was adopted, are avail-
able in the form of annual averages. However, the model calcula-
tions were performed for the summer months only and therefore
a grid-based comparison was not possible for this case. Grid-
based observations for the NEP were not available at the time of
this study rendering a comparison impossible. However, the site-
level results shown in the previous section were sampled from
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Fig. 6. Overview of results for the 2003 GPP anomaly
[#molCm~2s~!] provided by the MOD17A2 land algorithm (Heinsch
et al., 2003) derived from MODIS satellite observations.
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the grid-based calculations and can therefore be considered to
be indicative for good grid-level performance.

5. Summary

In this work, the new FACEM was introduced and evaluated. In
a first site-level comparison with CBM deposition estimates for
92 ICP forest plots, the model performance for deposition cal-
culations was evaluated. In this comparison, the FACEM model
results were also compared with the results obtained by the em-
pirical IDEM model, from which the new model was partly de-
rived. The model-to-measurement comparison should be seen
in the light of the large uncertainties accompanying the CBM
deposition estimates. These uncertainties were previously found
to be as large as 40% (Draaijers and Erisman, 1995; Draaijers
et al., 1998). Therefore, discrepancies between the modelled de-
position fluxes and the CBM deposition estimates are also the
result of the uncertainties in the CBM estimates. To avoid repre-
sentation errors, the ICP descriptions for all ICP level II deposi-
tion measurement sites were compared with the SYNMAP dom-
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Fig. 8. Average values for the data quality flags for MOD17A2 GPP
observations for the month July of the years 2000 to 2003. In this
figure, poor data quality is represented by high values.

inant land cover classification. Sites with non-matching domi-
nant land cover classifications were therefore excluded for the
comparison. The FACEM model results showed an improved
correlation for SO, (R? = 0.60), as compared with the IDEM
model (R? = 0.45). A slight improvement in correlation was
also found for NH, (R?> = 0.42 instead of R*> = 0.34), but espe-
cially in terms of the bias between the model results and the CBM
deposition estimates (99 molha~' yr~! instead of 217 molha™!
yr~!). In the second case study, a grid-based calculation was
performed for the European domain. The results indicated that
the FACEM model is able to reproduce the expected patterns
for the depositing species, which are closely connected to the
background concentration fields. Because grid-based observa-
tions were not available at the time of this study, a thorough
quantitative model-to-measurement comparison was not possi-
ble. The site-level results for the first case study were sampled
from the grid-based calculations and are therefore also indicative
for adequate grid-level performance. However, a more thorough
quantitative evaluation is recommended for future studies, e.g.
by a grid-based model inter-comparison.

The photosynthesis and respiration schemes were evaluated
by two case studies. In the first case study, the results obtained
by the FACEM model were compared with CO, flux measure-
ments from 26 sites participating in the CarboEurope Integrated
Project. Correlations of up to R* = 0.81 indicated excellent model
performance. In the second and final case study, the FACEM
model was used to evaluate the effect of the 2003 European
heat wave on the response of the biosphere. GPP, NPP and NEP
were calculated for the years 2000-2003 and the average val-
ues for July 2000-2001 were subtracted from the average val-
ues for July 2003. The results were compared with the GPP
anomaly obtained using the MOD17A2 land algorithm product
derived from MODIS observations. This comparison showed
that FACEM was able to reproduce the spatial distribution of
the GPP anomaly well. The results of the comparison should be



422 G. PIETERSE ET AL.

similar for the NPP case, because the NPP scheme implemented
in the model was adopted from the MOD17A3 land algorithm.
However, a comparison was not possible for this case because
the MOD17A3 land algorithm provides yearly averaged values
whereas the FACEM calculations were performed for the sum-
mer months only. Grid-level NEP observations were not avail-
able at the time of the study, also rendering a comparison for this
case impossible. The modelled site-level fluxes were sampled
from the grid-based calculations and are therefore indicative for
adequate model performance. A more quantitative grid-based
evaluation remains for future studies.

6. Outlook

All evaluations presented in this work indicate that FACEM is
a valuable tool for future research in the field of atmosphere-
canopy exchange Modelling. However, a number of shortcom-
ings of this first version of the model will require attention during
the development of future versions. For instance, incorporation
of a scheme which accounts for aqueous phase chemical inter-
action between the acidifying and eutrophying components will
be investigated. Furthermore, the simple respiration schemes in-
troduced in this paper provide opportunities for improvement,
e.g. by including a real carbon budget model and by implement-
ing a fractionated land cover approach. The CO, flux estimates
provided by the FACEM model provide means for atmospheric
transport Modelling studies. Coupling of the FACEM model to
an atmospheric transport model for prediction of site-level CO,
concentrations will be a very logical and promising step forward.
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