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In order to investigate the transport of radionuclides in the terrestrial biosphere we have developed a 

one-dimensional numerical model named SOLVEG that predicts the transfer of water, heat, and gaseous and particu-
late matters in the atmosphere-vegetation-soil system. SOLVEG represents the atmosphere, the soil, and the 
vegetation as an aggregation of several layers. Basic equations used in the model are solved using the finite difference 
method. Most of the predicted variables are interrelated with the source/sink terms of momentum, water, heat, gases, 
and particles based on mathematically described biophysical processes in atmosphere, soil and vegetation. SOLVEG 
can calculate the deposition of gaseous compounds and particulates, including fog droplets, at each canopy layer. 
Performance tests of SOLVEG were carried out with several observational sites. SOLVEG predicted well the ob-
served temporal changes in water vapor and CO2 fluxes, and the deposition velocity of O3 and SO2 at the vegetation 
surface, mainly driven by photosynthesis. SOLVEG also reproduced measured fluxes of fog droplets (diameter > 
1 m) and of fine aerosols (diameter < 1 m) over a coniferous forest. 

KEYWORDS: numerical model, atmosphere, soil, vegetation, gas deposition, particle deposition, radionuclides 
transport 

 
 

I. Introduction1 

The environmental modeling of radionuclides transport to 
vegetation is important when assessing the impact of radio-
nuclides on terrestrial ecosystems. From the perspective of 
impacts of the nuclear fuel cycle or nuclear accidents, many 
process-oriented models have been developed and tested in 
international programs such as BIOMASS (BIOsphere Mod-
elling and ASSessment1)) and EMRAS (Environmental 
Modelling for RAdiation Safety2)). It is however well recog-
nized that model predictions for environmental 
contamination are still associated with high uncertainties. 
This raises the need for development of sophisticated 
process-based model, as well as for an increase of appropri-
ate data for verification of these models. 

Dry and wet deposition of airborne pollutants onto the 
vegetation is key processes in such environmental models. 
The current dispersion (chemistry-transport) models used for 
radionuclides strongly rely on parameterizations for the 
processes.3) In particular, an accurate estimation of dry de-
position of gases and particles by the model is difficult as 
compared with the estimate of wet deposition. The process 
of dry deposition is driven by a variety of physical, chemical 
and biological factors and processes that can cause large 
variations in deposition on both small and large temporal 
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and spatial scales.4) Further complications arise from the fact 
that radionuclides, when released into the atmosphere, exist 
in various chemical and physical states. For instance, it is 
usually assumed that most of cesium released to the atmos-
phere in nuclear accidents is incorporated into particles, 
while iodine is either bound to particles or in gaseous form 
(elemental form and organic iodine CH3I). Radionuclides 
such as tritiated water vapor (HTO), 14CO2 and 14CH4 (car-
bon-14) that originate in the nuclear fuel cycle are also 
released to the atmosphere in gaseous form. A detailed 
process-based model that can estimate the dry deposition of 
both gases and particles is needed to assess the impact of 
radionuclides on the terrestrial biosphere. 

The authors have developed a one-dimensional mul-
ti-layer numerical model that predicts the transfer of water, 
heat, and CO2 in the atmosphere-soil-vegetation system 
named SOLVEG.5, 6) Though SOLVEG is similar to other 
land surface models such as MATSIRO,7) SiB2,8) and 
CASA,9) the model has unique in representing atmos-
phere-soil-vegetation system as a multi-layer structure which 
enables to predict vertical profiles of each predicted va-
riables. SOLVEG has been used to examine the heat and 
water vapor exchange of short and tall vegetation, as well as 
semi-arid bare soil areas.10-15) In the present study, new 
schemes for calculations of dry deposition of gaseous and 
particulate materials onto vegetation were developed and 
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incorporated into the model. Performance tests of SOLVEG 
are carried out through comparisons using field datasets of 
fluxes of gases and particles over vegetative surfaces. 

 
II. Numerical Model 

1. Model Overview 
SOLVEG is a one-dimensional multi-layer model that 

consists of four sub-models for the atmosphere near the sur-
face, the soil, the vegetation, and the radiation within the 
vegetation canopy. Figure 1 illustrates all the processes 
modeled in SOLVEG. Details of the model have been de-
scribed by References 5 and 6. 

The atmosphere sub-model calculates variables at each 
atmospheric layer by numerically solving one-dimensional 
diffusion equations for the horizontal wind speed compo-
nents, potential temperature, specific humidity, liquid water 
content of fog, turbulent kinetic energy and length scale, and 
gas and particle number concentrations. By using  for these 
variables, one-dimensional diffusion equations are described 
in the same form as 










F
z

K
zt z   , (1) 

where Kz is the vertical turbulence diffusivity calculated by 
the turbulence closure model by Yamada.16) The last term F 
is a forcing term which includes the exchange between the 
vegetation and canopy air as the volume source/sink for each 
atmospheric variable. The top boundary conditions are pro-
vided as input data. The soil surface boundary conditions are 
the momentum, heat, and water vapor fluxes calculated us-
ing bulk transfer equations of wind speed, potential 
temperature, and specific humidity at the lowest air layer and 
the soil surface temperature and specific humidity, which are 
determined with the soil sub-model. 

The soil sub-model calculates the soil temperature, volu-
metric soil water content, and specific humidity of air in the 
soil pore space using a heat conduction equation, mass bal-
ance equation for liquid water, and the diffusion equation for 
water vapor, respectively. These three equations are closely 
related to each other through the phase change in water that 
takes place as the term of evaporation rate in the soil. The 
uptake of soil water by roots is derived from the rate of 
transpiration to the atmosphere calculated in the vegetation 
sub-model. At the soil surface boundary the soil sub-model 
can then be coupled with the atmosphere sub-model by 
solving the soil surface heat and water budget equations. In 
the soil CO2 model that is included in the soil sub-model, the 
diffusive and convective transport of CO2 in both aqueous 
and gas phases are considered in the mass conservation of 
CO2 for unsaturated soil. 

The vegetation sub-model calculates the leaf temperature 
and water on the surface of leaves (leaf surface water) for 
each canopy layer, and the vertical liquid water flux in the 
entire canopy. The leaf temperature is calculated by solving 
the heat budget equation at the leaf surface using the leaf 
temperature and other variables from the atmosphere 
sub-model in addition to the radiation scheme. For the ver-

tical liquid water flux in the canopy, the input precipitation 
intensity becomes the boundary value at the top of the ca-
nopy, with the value calculated for the bottom of the canopy 
then being available for use in the surface water budget cal-
culation in the soil sub-model. In the vegetation sub-model, 
the photosynthesis is also incorporated for calculating the 
CO2 assimilation rate based on formulations for the rela-
tionship between the stomatal resistance and net CO2 
assimilation rate. 

The radiation sub-model separately calculates the direct 
and diffuse downward and upward fluxes of solar and 
long-wave radiation in the canopy and provides the radiation 
energy input for heat budget calculations at the soil surface 
and canopy layers. The leaves of each canopy layer are se-
parated into two fractions: sunlit and shaded. The stomatal 
resistance and energy budget are then independently calcu-
lated for each fraction. The above-mentioned sub-models are 
closely related to each other, with iterative calculations being 
required to solve some of the equations numerically. A small 
value (such as several seconds) of a time step adapted for 
each simulation scenario is therefore used to reduce the ite-
rations in the sub-models. 

 
2. Formulations for Dry Deposition Calculation 
(1) Water Vapor and CO2 Exchange over Vegetative Sur-

faces 
Dry deposition of atmospheric gases can be formulated 

based on photosynthesis at plant’s leaves similar to water 
vapor and CO2 exchanges. The modeled source/sink terms 
F in Eq. (1) for water vapor and CO2 are described in the 
present section. A full description of formulations for pho-
tosynthesis can be found in Reference 5. 

The source/sink term for CO2, Fco2, is represented as the 

Fig. 1 Schematic illustration of modeled processes in the at-
mosphere-soil-vegetation system. Underlined words in boldface 
print are newly modeled processes in the present study. 
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aggregation of the net CO2 assimilation rate An of leaves at 
each canopy layer as 

/2 naco aAMF  , (2) 

where Ma is the molecular weight of air, a the leaf area den-
sity, and  the air density. 

In SOLVEG, the CO2 assimilation rate and stomatal re-
sistance are calculated based on photosynthetic process. The 
CO2 assimilation rate An, the stomatal resistance rs, and the 
CO2 partial pressure of the leaf interior, ci, are calculated by 
the following formulations as 
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where wc, we, and ws are the potential rate of assimilation 
under unlimited conditions by the photosynthetic enzyme 
system’s (Rubisco’s) efficiency, the absorbed PAR (Photo-
synthetically Active Radiation), and the capacity of the 
leaves to export the products of photosynthesis, respectively, 
Rd the leaf respiration rate, ca, cs, es, esat(Tc), and pa the CO2 
partial pressure of canopy air and that at leaf surface, vapor 
pressure at leaf surface, saturated vapor pressure for leaf 
temperature Tc, and atmospheric pressure, respectively, ei the 
vapor pressures of the leaf interior, and ea the canopy air. 
The coefficient m and minimum stomatal conductance gsmin 
are empirically determined from observations. wc and ws are 
calculated using the parameter of Vm25 in Table 1 depending 
on vegetation type.5) rlb is the leaf boundary layer resistance 
for CO2 exchange between leaf and canopy air, which is de-
termined from the wind speed of each canopy layer 
calculated by the atmosphere sub-model. Eqs. (3) and (5) are 
based on the formulations by Farquhar et al. 17) and Collatz 
et al.,18,19) respectively. Eqs. (4) and (6) are derived from 
resistance models for CO2 and water vapor pressure, respec-
tively. 

Equations (3) to (6) are solved iteratively to determine rs 
and An for each integration time step. At first, An is calcu-
lated by Eq. (3) using a initial value of ci, and this value and 
ca are used to determine cs by Eq. (4). Then, rs and es are 
determined by solving Eqs. (5) and (6) simultaneously. With 
the derived values of An and rs, ci is again calculated by 
Eq. (4). Using the calculated ci, An is recalculated by Eq. (3). 
This procedure is repeated until the value of ci converges 
below a specified threshold. 

When the plant’s leaves are not wet, the source/sink term 
for water vapor, Fq, is represented as the aggregation of the 
evaporation rate of leaf surface water, Ed, and the transpira-
tion rate, Es, at each canopy layer as 

  sdq EEaF  , (7) 
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where ra, rd, and rs are the resistances of leaf boundary layer, 
of evaporation of leaf surface water, and of stomata, respec-
tively, R’ = rars + rard + rsrd, qsat(Tc) the saturated specific 
humidity for Tc, and qa the specific humidity of air, respec-
tively. 
(2) Gas Deposition onto Vegetation 

Atmospheric gases are vertically transported by turbulent 
eddy diffusion and mainly absorbed by plants due to stomata 
uptake at plants’ leaves. Based on the analogy of evaporation 
rate represented as Eq. (9), the gas deposition rate, Fg, at 
each canopy layer is modeled using the stomatal resitance 
(rs) calculated by Eq. (5) and quasi-laminar resistance over 
the leaves (ra) as 

    gsgasawgg ccrrDDaF  1/ , (10) 

where Dg and Dw are the diffusivity of trace gas and water 
vapor, and cga and cgs the gas concentration around the leaf 
surface and within the stomata, respectively. For simplicity, 
the gas concentration in sub-stomatal cabity is assumed to be 
zero, i.e., cgs = 0. 

Some of trace gases studied here, such as O3 and SO2, 
have also other transfer pathways to the vegetative surfaces: 
for example, the cuticle and wetted surfaces of leaves (espe-
cially for water-soluble compounds), the branches, the 
trunks, and the soil exposed to atmosphere. All of these 
pathways, which are often summarized as the so-called 
‘non-stomatal deposition’, have become recognized as a sink 
of gases at the terrestrial surface,20,21) but its impact on depo-
sition onto vegetation is still unclear. 

The non-stomatal deposition is so far mainly formulated 
based on empirical and site-specific parameterizations in 
current models and it is not straightforward to include it to 
SOLVEG mechanistically. Thus, we incorporated only the 
stomatal deposition into SOLVEG and evaluate its impact by 
comparing its calculation result with that of the commonly 
used model proposed by Zhang et al.22) which includes both 
stomatal and non-stomatal deposition. 
(3) Particle Deposition onto Vegetation 

The atmosphere and vegetation sub-models include the 
module for the calculation of fog deposition onto the leaves 
based on the processes of inertial impaction and gravitational 
settling of particles at each vegetation layer.14) In the present 
study, a novel scheme of the collection rates due to Brow-
nian diffusion and interception, which can affect fine 
particles typically smaller than 0.1 μm in diameter, is devel-
oped. Both processes are formulated based on 
semi-empirical equations obtained by wind-tunnel studies 
for packed fibres of a filter. 

The particle deposition rate, Fp, in each canopy layer is 
represented as 

pp aEF  , (11) 

pfp NFE u , (12) 

where Ep is the capture of particles by leaves,  the total 
capture efficiency of the plants’ leaves for particles, Ff the 
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shielding coefficient for particles in horizontal direction, |u| 
the horizontal wind speed at each canopy layer, and Np the 
number concentration of particles. 

Assuming that each collection mechanism acts in series, 
the total capture efficiency  can be expressed as 

  
x

x 11 , (13) 

where x is the collection mechanism of inertial impaction, 
gravitational settling, Brownian diffusion, and interception. 
Since the formulations of  for inertial impaction imp and 
gravitational settling grv have been described in Refer-
ence 14 only collection efficiencies due to Brownian 
diffusion and interception are described below. 

Fine particles smaller than some 0.1 m diffuse toward 
the foliar surface (Brownian diffusion), when moving along 
the streamline around the leaves under forced convection. 
The collection efficiency due to Brownian diffusion, df, is 
described by the following formula based on Kirsch and 
Fuchs23) as 

3/27.2  Pedf , (14) 
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where Pe is the Peclet number, which is the product of 
Schmidt (Sc) and Reynolds number (Re), dtrg the characteris-
tic length of vegetation element (e.g., needle diameter for 
coniferous forest), and DB (dp) the Brownian diffusion coef-
ficient as a function of particle diameter dp. The value of 2.7 
in Eq. (14) is an empirically determined number based on 
experimental measurements of filter efficiencies. Equa-
tion (14) includes both effects of convection (Re) and 
particle diffusion (Sc) and is physically more reasonable than 
the prior parameterizations using only Sc in the commonly 
used model such as Slinn24) and Zhang et al. 25). 

When small particles perfectly follow a streamline that 
happens to come within one particle radius of the foliar sur-
face, the particle hits the leaf and is captured because of its 
finite size (interception). The collection efficiency due to 
interception, in, is expressed according to the formulation by 
Fuchs26) 

    111  RRin , (16) 

trgp ddR  , (17) 

where R is the dimensionless parameter of interception. Eq-
uation (16) is associated with theoretical solution of the 
particle motion equation in a potential flow assumed when 
any other deposition mechanisms are negligible. 

 
3. Numerical Scheme 

The prognostic equations for all predicted variables in the 
model are solved at each time step using a finite difference 
scheme. The basic equations of SOLVEG are based on 
one-dimensional advection diffusion equations, which can 
be written in a generalized form as 
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The model numerically solves the equation in two steps: 
one for the advection term with an explicit method, and the 
other for the rest terms with a semi-implicit method except 
for the forcing term, 
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A usual center-in-space differentiation is used for the dif-
fusion terms with fully implicit scheme. The advection terms 
in basic equations are spatially discretized with the 
low-numerical diffusion scheme HIFI,27) which is a hybrid 
scheme of FI interpolation, the first-order upwind, and 
second-order upwind schemes. The FI interpolation method 
is designed so as to maximize the accuracy without loosing 
the stability through the use of linear analysis.27) Detailed 
descriptions of the numerical solution method can be found 
in References 28 and 29. 

 
4. Simulation Conditions 

In order to run SOLVEG, hourly data of meteorology 
(horizontal wind speed, air temperature and humidity, short 
and long wave radiation, and precipitation) and atmospheric 
concentrations of gases and/or particles are required to de-
termine its upper boundary conditions. Due to the lack of the 
above datasets with radionuclides, comprehensive datasets 
including fluxes of gases (water vapor, CO2, O3, and SO2) 
over a maize field in France (Meyrargues) and a deciduous 

Table 1 Vegetation parameters used in SOLVEG calculations. 
The parameter of Vm25 depends on vegetation type and is used to 
calculate wc and ws in Eq. (3). 

Items For gases For par-
ticles 

Site names Meyrargues30) Kane31) Waldstei
n32-34) 

Simulation periods Jun. 9～28, 
2001 

Apr. 29～
Oct. 23, 

1997 

Jul. 9～
20, 2001

Soil texture 
Plant type 

 
 

Canopy height [m]
Leaf Area Index 
(LAI) [m2 m-2] 

Silty-clay-loam 
C4 grass (ma-

ize) 
 

0.4～1.0 
0.8～2.7 

Clay-loam
Deciduous 
broad-leav

ed 
22.0 

1.7～6.88

Loam 
Needle 

 
 

19.0 
6.4 

For CO2 exchange
Vm25 [mol m-2 s-1]

m 
gsmin [mol m-2 s-1]

 
5531) 
5.0 

0.04 

 
33 
9.0 
0.01 

 
33 
9.0 

0.01 
For particles 

Number of bins 
Leaf shape 
dtrg [mm] 

 
－ 
－ 
－ 

 
－ 
－ 
－ 

 
100 

Cylinder
1.5 
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broad-leaved forest in USA (Kane Experimental Forest), and 
those of fog droplets and fine particles over a coniferous 
forest in Germany (Waldstein) are used to validate the newly 
incorporated schemes for calculations of dry deposition. The 
soil temperature and the volumetric soil water content were 
set to be constant values as initial and lower boundary con-
ditions. The boundaries of the atmosphere are set as heights 
from 0 to 3 m with an increment of 0.1 m for the maize field 
and from 0 to 34 m with an increment of 1 m for the forests. 
The boundary depths of soil are 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 
and 2.0 m for all vegetations. 

The parameters used in SOLVEG are summarized in Ta-
ble 1. Other parameters for each landuse category are given 
by Reference 5. 

 
III. Results and Discussions 

1. Gas Deposition onto the Vegetation 
Calculations by the model are compared with measure-

ments30) of latent heat and CO2 fluxes by the eddy 
covariance method and deposition velocity of O3 gas meas-
ured by the gradient method over the maize field in Fig. 2. It 
is shown that SOLVEG predicted measured daytime upward 
and downward fluxes of water vapor and CO2 successfully 
(Figs. 2(a) and (b)). This indicates that SOLVEG can be 
used to simulate water vapor and CO2 fluxes predominantly 
originated from photosynthesis over a maize (C4 plant) field. 
A good performance of SOLVEG in predicting these fluxes 
has also been confirmed over the C3 grassland.12) SOLVEG 
also simulated temporal changes in the measured O3 flux 
(Fig. 2(c)). From June 23 to 29, SOLVEG underestimated 
the measurements of daytime CO2 and O3 fluxes to some 
extent, which may be caused by the uncertainty to set the 
parameters of soil (e.g., unsaturated hydraulic conductivity) 

and vegetation (e.g., Vm25 and m) used in the simulation. O3 
uptake during the daytime by the vegetation coincided with 
downward CO2 flux (Figs. 2(b) and (c)). This indicates that 
the modeled scheme for gas absorption by stomata based on 
photosynthesis is reasonable and can be used to predict the 
gas deposition onto the crop field. 

Figure 3 illustrates the temporal changes of calculations 
and measurements31) in CO2 flux and deposition velocity of 
O3 and SO2 over the deciduous broad-leaved forest. While 
SOLVEG in general predicted the measured diurnal changes 
in gas fluxes, it underestimated measurements during the 
daytime for both O3 and SO2 several times. Similar to the 
maize field case, this discrepancy between calculations and 
measurements is mainly caused by the uncertainties in the 
model settings of soil and vegetation parameters. In addition 
to this, the non-stomatal deposition can affect the smaller 
predicted values using SOLVEG than observations in depo-
sition velocity. In Fig. 3b and c, the calculations using the 
model of Zhang et al.22) which consists of a simpler structure 
than SOLVEG but includes non-stomatal deposition, are 
plotted. It predicts a higher deposition velocity of both O3 
and SO2 (Fig. 3, blue dots), which are often closer to the 
observations. This indicates that other pathways of gas de-
position in addition to stomatal absorption may cause an 
under prediction of deposition velocities in SOLVEG. 

Similar tendencies can be seen in averaged diurnal cycles 
of flux and deposition velocity of gases as shown in Fig. 4. 
The results again show that SOLVEG reproduced diurnal 
variations of deposition velocity at both maize and forest 
sites. However, SOLVEG underestimated the deposition 
velocity of both O3 and SO2 gases during daytime at the 
Kane forest site. The discrepancy is explained by that the 
model does not include non-stomatal deposition and is not 
optimized with vegetation parameters, as is the case of the 
maize field. Further, the following processes may cause the 
differences between observations and model predictions. For 
O3, there may be an increase of flux over the forest caused 
by the chemical reaction as NO + O3 → NO2 + O2 under 
the forest canopy when there is the emission of NO gas from 
the forest floor. This reaction can reduce the O3 concentra-
tion within the forest, resulting in an increase of O3 flux.36) 

Fig. 3 Time series of calculated and observed (a) CO2 flux and 
deposition velocity of (b) O3 and (c) SO2 at decidous 
broad-leaved forest in USA on September 1997. Calculations by 
the model of Zhang et al. 22) are also plotted in the graph. 

Fig. 2 Time series of calculated and observed (a) latent heat 
(i.e., water vapor) and (b) CO2, and (c) O3 fluxes over a maize 
field in France in June 2001. 
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For SO2, the presence of water at foliar surfaces due to rain 
may increase its deposition velocity since SO2 can be readily 
dissolved with the water surface. It is known that deposition 
velocity of the studied gases onto the wet canopy is large 
compared with the dry canopy at the study area.37)  The ef-
fect of non-stomatal deposition should be investigated by 
further model simulations.  
 
2. Particle Deposition onto the Vegetation 

Calculations of turbulent fluxes of fog droplets (dp > 
5 m) and fine particles (11 nm < dp ≤ 0.9 m and 3 nm < dp 
≤ 11 nm) over the coniferous forest by SOLVEG are com-
pared with measurements32-34) by the eddy covariance 
method in Fig. 5. The fluxes calculated by the size-resolved 
particle deposition model of Zhang et al.25) were larger than 
the measured ones. In contrast, computations by SOLVEG 
agreed with the observations of these fluxes. This indicates 
that the formulation of collection efficiency used in this 
study is reasonable in prediction of particle deposition onto 
the vegetation. 

Feeding SOLVEG with a hypothetical uniform number 
concentration over the entire particle size range, the deposi-
tion velocities of particles over the coniferous forest in 
Germany was calculated with SOLVEG for each size bin. 
Figure 6 shows the comparisons of size-resolved deposition 
velocities calculated with SOLVEG and observations          
from the literature obtained at various coniferous forests. 
The model predictions by SOLVEG agreed better with 
measurements of deposition velocity for the large (> 1 μm) 
and small particles (< 0.1 μm) for some datasets than other 
particle deposition models. 

For particles with a diameter ranging from 0.01–1 μm, the 
observed values of deposition velocity have a large uncer-
tainty associated with the difference of environmental factors 
from various datasets. This makes it difficult to evaluate the 
model in the size range. Nevertheless, the calculations of 
deposition velocity seem to be significantly smaller than the 

measured values. This particle size range includes the crucial 
radionuclides such as cesium and particulate iodine,38,39) as 
well as the major atmospheric organic (e.g., black carbon) 
and inorganic compounds (e.g., sulfates and nitrates). As 
suggested by Reference 40. the processes of particle collec-
tion, such as hygroscopic particle growth, electrostatic forces, 
and thermo- and diffusio-phoresis, may affect the deposition 
velocity at this range. On the other hand, it has been hy-
pothesized that the large measured deposition velocities in 
this size range may have been caused by heterogeneous 
processes between gases and particles as NH4NO3 (aerosol) 
↔ HNO3 (gas) + NH3 (gas),41) which are not included in any 
of the particle deposition models. These effects should be 
incorporated into the model and evaluated in the future. 

 
IV. Conclusion 

New schemes for calculations of the dry deposition of 
gaseous and particulate materials onto vegetation were de-
veloped and incorporated into a one-dimensional multi-layer 
atmosphere-soil-vegetation model (SOLVEG). Dry deposi-
tion of atmospheric gases was formulated based on the 
schemes that calculate photosynthesis of plants and root up-
take from the soil. For particle deposition, the scheme of 
collection efficiencies of plants’ leaves due to Brownian 
diffusion and interception was developed to calculate the dry 
deposition of large and small particles. SOLVEG modified 
to include the schemes of gases and particle deposition was 
tested using comprehensive datasets including flux of gases 
and particles obtained over a maize field and forests at three 
observational sites. A good agreement in fluxes of water 
vapor, CO2, and O3 was shown between the model calcula-

Fig. 5 Time series of calculated and observed (a) fog water flux 
and (b) aerosol number fluxes with particle diameters from 
11 nm to 0.9 μm and (c) from 3 to 11 nm over a coniferous ca-
nopy in Germany in July 2001. Calculations by the model of 
Zhang et al. 25) are also plotted in the graph. 

Fig. 4 Averaged diurnal cycles for the entire simulation periods 
of predicted and observed latent heat and CO2 fluxes and depo-
sition velocity of O3 and SO2 at the maize and deciduous 
broad-leaved forest. Calculations by the model of Zhang et al.22) 
are also plotted in the graph. 
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tions and observations over the vegetation. SOLVEG also 
predicted the measured fluxes from nano- to 
micrometer-sized particles over the forest. The results sug-
gest the effects of wet canopy, hygroscopic particle growth, 
electrostatic forces, thermo- and diffusio-phoresis, and hete-
rogeneous chemical reactions on dry deposition should be 
investigated. 
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