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14]. The use of these procedures within forested areas is often limited due to the 
insufficient fetch, especially at mountainous sites. 

Recently, the inferential method has been established. It is an indirect method, but 
reduces the fetch requirements of the common micrometeorological methods. Here, a 
deposition velocity Vd is calculated from the micrometeorological conditions at the site 
and from parameters characterizing the plant morphology. According to the fundamen- 
tal equation 

F ( 4 )  = (1) 

the dry deposition flux F is the product of vd and the airborne particulate concentration 
c which has to be measured above the canopy. The independent variables dp and z are 
the particle aerodynamic diameter and a distinctive reference height above the canopy, 
respectively. If Vd is known from the model calculation, it is sufficient to measure c for 
determining the dry deposition. 

This approach is widely used for trace gases, where vd is usually expressed as the 
inverse of a resistance [15,16]. Studies dealing with Vd of aerosol particles normally do not 
calculate resistances, but are based on the combination of absorption probabilities [17- 
21]. In this study the model DEPOSITE, a further development of these approaches, 
was used [22]. It is mainly based on the work of Bache [17-19] who dealt with the 
deposition of water droplets. In extending the applicability of this model to the whole 
size range of natural aerosol particles a description of the particle diffusion through 
laminar sublayers surrounding all plant surfaces was added. 

The model was used to calculate the dry deposition of the main particulate inorganic 
ions to a Norway spruce canopy at Wiilfersreuth in the mountainous region Fichtelge- 
birge in northeastern Bavaria, Germany. 

2. M A T E R I A L S  A N D  M E T H O D S  

2.1. T h e  m o d e l  D E P O S I T E  
The model DEPOSITE, which calculates the size specific deposition velocity of 

aerosol particles to coniferous forests, was explained in detail by Peters and Eiden [22]. 
Important  featured will be repeated here. 

Neglecting advection and assuming that the mean vertical wind velocity is zero, the 
mechanisms governing the transport of particles through the canopy are turbulent dif- 
fusion, sedimentation and absorption at plant surfaces. In combining these processes, 
the mass balance within an elemental volume of the canopy is considered. The result is 
a differential equation describing the vertical gradient of the airborne particle concen- 
tration [17]- 

d2c z~dc + f (  + = o (2) 

with 

v K(z)l dK(Z)dz - fl(z)p(z)sin~o(z) 
- - K Cz )  + 

and 

(3) 
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- - ( 4 )  

In these equations vs is the sedimentation velocity, u is the horizontal wind velocity, and 
K is the turbulent diffusivity of aerosol particles. ~o is the angle of the particle trajectory 
to the horizontal and can be expressed by ~o = arctan(v~/u), p is the vegetation density 
defined as total surface area of the plant elements per volume of the canopy. /3 is 
the absorption coefficient which combines the absorption efficiencies due to diffusion, 
impaction and sedimentation. 

If both height specific functions f (z)  and g(z) are replaced by representative constants 
fa  and gR, Equation (2) can be solved analytically [18]. However, in order to make the 
solution more exact the canopy can be subdivided in several horizontal layers i with 
equal thickness Az. Now for each of these height intervals individual constants fru and 
gm can be determined. This procedure, proposed by Bache [19], was used in this study. 

The calculation of the deposition velocity can then be treated as an initial value prob- 
lem starting at the lowest height interval. The solution proceedes through all layers to 
the top of the canopy, finally calculating the overall deposition velocity va. 

The absorption coefficient/3 is determined by a probabalistic analysis considering dif- 
fusion, impaction and sedimentation as well as the mutual  interferences between these 
processes. The result is 

/3 -- 1 --(1 - -  P z ) ( 1 / ( l + u 2 / v ~ ) ) ' / 2 [ ( 1  - -  P~,ai)(1 - P~,im)] 0/0+'2"/~'2))~/2, ( 5 )  

where P,,di, Pz,im and Pz are the absorption probability due to diffusion, impaction and 
sedimentation, respectively. While diffusion and impaction are controlled by the hori- 
zontal movement of the particles (denoted by the subscript z), sedimentation occurres 
during the movement in the z-direction. Other processes like interception, resuspension 
and bounce-off are less important  for coniferous needle surfaces during moderate wind 
conditions and will be neglected. 

In this paper diffusion denotes the processes responsible for the transport of particles 
through the laminar boundary layer that surrounds all surfaces. The diffusion term used 
in the model is expressed as a function of the friction velocity u, in the vicinity of the 
plant surfaces. The approach is based on the equation from Friedlander and Johnstone 
[23] who described the diffusion flux with respect to the molecular diffusivity within 
the boundary layer and some turbulent portion also contributing to the transfer. Addi- 
tionally, the microscale roughness of the plant surfaces was introduced since it reduces 
the thickness of the boundary layer [24]. Moreover, the effect of so-called bursts within 
boundary layers, first observed by Kline et al. [25], was considered. Downward sweeps 
of air compensating for these bursts transfer momentum to the particles, pushing them 
towards the surface. 

For describing the impaction of particles upon obstacles like needles an empirical 
approach is used which expresses the absorption probability as a function of the Stokes 
number. The equation was found to fit well to the experimental results of May and 
Clifford [26] and Belot and Gauthier [27]. 

The sedimentation is characterized by the terminal velocity vs of settling particles, 
when the gravitational force and the drag force are in equilibrium [28]. 
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The aerodynamic properties of a canopy needed for the model are the horizontal wind 
velocity u, the friction velocity u. and the turbulent diffusivity K. Individual values 
of these parameters are needed for each height interval Az. While u(z) is measured at 
several heights at the site, the K-theory approach is used to calculate K(z) and u.(z). 
These expressions include the effect of the thermal stability of the air and are based on 
the proposals of Goudriaan [29] and Underwood [30]. It is assumed that within canopies 
the turbulent diffusivity of momentum KM is equal to K for particles. 

It is not possible to compare the results of the model calculation with deposition 
velocities really measured at forest sites. Published studies of Vd-Values above forests do 
not include descriptions of the canopy in the detail required for the model. Therefore, 
a one-layer version of the model was tested with the experimental data of Chamberlain 
[31] describing the particle deposition to artificial grass in a wind tunnel. The agreement 
was fairly good for particles in large and medium size rages. The modelled deposition 
of small particles was about 50% lower than the experimental data. 

In summarizing, the input parameters which have to be measured in the field are as 
follows: 

- the vertical profile of the horizontal wind velocity u, 
- the vertical profile of the temperature T, 
- the vertical profile of the vegetation density p, 
- the orientation and size of the needles, 
- the microscale roughness of the needle surface. 

2.2.  T h e  m e a s u r i n g  s i te  
The model was used to calculate the dry deposition of aerosol particles to a spruce 

stand (Picea abies (L.) Karst.) near Wiilfersreuth in the subalpine mountainous region 
Fichtelgebirge, northeastern Bavaria, Germany. The stand, situated at 680 m a.s.l., is 
an almost rectangular plot 205 m long and 40 m wide. Its longer axis is directed from 
southwest to northeast. In 1992, when the measurements were made, the age of the 
trees was about 45 years and their mean height h was 20 m. This stand of younger trees 
was surrounded on all sides by older-grown spruce trees about 25 m high. The ground 
has an inclination of 5.9 ° to the northwest [22]. 

Thus, the site has some horizontal inhomogeneities and is therefore less suitable for 
micrometeorological investigations. Therefore, the values gained by the model calcula- 
tion are only valid for the point where the measurements are made, and caution must 
be exercised in extrapolating them to the whole stand. 

2.3.  T h e  plant  m o r p h o l o g y  
For determining the vegetation density p, the height of the upper and lower boundary 

of the crown, Zh and Zb, and the cross sectional area A~ of the stem at the height Zb 
were measured for 29 randomly selected trees. With the regression 

A1 - 22.6 + 8500A~. (6) 

the leaf area A1 of each individual tree was determined [32]. For distributing this value 
over the vertical extend of a crown the chi-square-function 
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Figure 1. Distr ibution of the vegetat ion density p with height z at the measuring site 

A{(z) _ a(za) b exp(czd) (7) 
A1 -- 0.1 f~z~ a(zd)b exp(cza)dz 

was used [22], where A{ is the needle surface area per meter  tree height,  za = ( z h -  
z)/(Zh -- Zb), a = 4.76 x 10 4, b = 6.21, and c = -16.23.  After adding the individual 
distr ibutions for all 29 trees, the overall function p(z) shown in Figure 1 was achieved. 

By this procedure a surface area index (SAI)  of 28.4 was found, and the leaf area 
index (LAI )  was determined to be 11.4 assuming a ratio of total  to projected needle 
area of 2.5. 

The average needle diameter  dl was set to 1.5 mm, and it was assumed that  the 
needles do not have any preferred direction in space. The microscale roughness of the 
needle surface k, was set to 5 # m  which is the elevation of small ridges lying parallel to 
the needle axis. 

2.4.  M i c r o m e t e o r o l o g i c a l  m e a s u r e m e n t s  
Using a tower within the forest s tand the horizontal wind velocity was continuously 

measured by anemometers  at heights z of 4.6 m, 11.8 m, 16.6 m, 16.8 m, 18.5 m, 20.2 
m, 21.3 m and 28.2 m above the ground. At the uppermost  position the wind direction 
was addit ionally recorded. At 2.3 m and 20.4 m, i.e. below and above the canopy, the 
t empera tu re  and the relative humidi ty  were measured. 
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Table 1 
Characteristics of the Berner cascade impactors 

5-stage impactor l O-stage impactor 

Volumetric flow rate 
Cut diameters (#m) 

Mean diameters (gin) 

74.5 1 min -1 
0.05, 0.14, 0.42, 1.2, 3.5, 10.0 

0.084, 0.24, 0.71, 2.0, 5.9 

25.4 1 min -1 
0.015, 0.03, 0.06, 0.125, 0.25, 
0.5, 1.0, 2.0, 4.0, 8.0, 16.0 

0.021, 0.042, 0.087, 0.18, 
0.35, 0.71, 1.4, 2.8, 5.7, 11.3 

2.5 .  C o n c e n t r a t i o n  m e a s u r e m e n t s  
Airborne particle-bound concentrations c of the main inorganic ions were measured 

as a function of the particle diameter dp by Berner cascade impactors mounted at the 
top of the canopy. Two different types of impactors were used alternately, one 5-stage 
impactor ranging from dp = 0.05 #m to 10 #m and one 10-stage impactor ranging from 
0.015 #m to 16 #m. Some details about the impactors are listed in Table 1. 

The impaction plates were covered by polyethylene film, which after sampling was 
K + Na+ extracted with deionized water. The solution was analyzed for the ions NH +, , , 

SO42-, NO~, C1- by HPLC with conductivity detectors. For Ca 2+ and Mg 2+ ICP-AES 
analysis was used. By measuring the pH in the solution the concentration of dissociated 
protons was deduced. 

3. R E S U L T S  A N D  D I S C U S S I O N  

From June to November 1992 a total of 23 samples of aerosol particles were taken. 
The sampling times were on the average 1 day for the 5-stage impactor and 6 days for 
the 10-stage impactor in accordance with the different flow rate and size partitioning of 
both devices. These periods covered 23% of a whole year. 

3.1. D e p o s i t i o n  veloci t ies  
For each sampling interval mean values of Vd(dp) w e r e  calculated by the model based 

on 30-rain averages of the meteorological input parameters. To demonstrate the span 
of the Vd-Values that was occurring, the curves for those periods, when the lowest and 
highest values were found during the measurements, are depicted in Figure 2. The 
minimum event is an interval lasting 38 hours from June 29 to July 1, 1992. During 
this period there were fair weather conditions with almost cloudless skies throughout 
the days and the nights. The wind velocity at z = 20.2 m never exceeded 2.0 m s -1. 
The thermal stratification was very stable. On the other hand, the maximum event, 
lasting about 6 days from September 29 to October 5, was accompanied by varying 
thermal stability with long periods of unstable and neutral conditions. The sky was 
cloudy throughout the interval, and during 3 days the wind velocity was large, reaching 
values of 5.3 m s -1 at z = 20.2 m. The difference in va between these examples is more 
than an order of magnitude. 

In Figure 2 the curve representing the sum of the mean values and the standard 
deviation (thin line) is drawn in addition to the mean function of va vs dp (thick line). 
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Figure 2. Calculated deposition velocity Vd at the measuring site vs particle diameter dp. 
Thick line: mean values; thin line: mean values plus standard deviation, a) measuring 
period with the smallest Vd; b) measuring period with the largest yd. 

Table 2 
Portions in % of equivalent concentrations of particle-bound inorganic ions averaged for 
all cascade impactor measurements 

NH + Na + K + Ca 2+ Mg 2+ H + Cations 
84 6 2 3 1 4 100 

SO~- NO~ C1- Anions 
73 22 5 100 

This gives an impression of the variability of Vd which is also larger when the mean 
values are high. 

3.2.  P a r t i c l e - b o u n d  ion c o n c e n t r a t i o n s  
The atmospheric content of particle-bound inorganic ions at the measuring site is 

characterized in Table 2 which lists average portions of equivalent concentrations of the 
individual substances. It can be concluded that NH +, SO~- and NO 3 are the most 
important  ions. The contributions of sea salt and protons are almost negligible. In 
general the ion balances of individual samples were in equilibrium, so it does not seem 
that further important  ionic species were overseen. 

In Table 3 the mean concentrations of the prevailing ions and some values character- 
izing their distribution within the particle size spectrum are listed. As a rule of thumb, 
the geometric mean diameter dg denotes the particle size where the major portion of 
the species is occurring. If the size distribution can approximately be described by a 
log-normal distribution, then dg is equivalent to the maximum of the distribution. The 
geometric standard deviation % gives an indication of the spread of the distribution. It 
can be seen that  NO 3 is on average found in larger particles than SO4 2- and NH +. 
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Table 3 
Average values of airborne concentrations c-, geometric mean diameters dg and geometric 
standard deviations o~g, weighted by the measuring time 

5-stage samples 10-stage samples all samples 
NH + (nmol m -a) 152 120 125 

d-g (Izm) 0.70 0.77 0.76 
cr--g (#m) 2.14 2.26 2.24 

SO~- (nmol m -a) 74 51 55 
d-g (#m) 0.92 0.90 0.90 
o~g (~m) 2.82 2.56 2.60 

NO~ (nmol m -a) 31 33 33 
d-g (#m) 1.59 1.46 1.48 
o~g (~m) 2.79 4.13 3.92 

The values listed in Table 3 do not show any significant differences between the two 
cascade impactors. Though the 10-stage impactor covers a broader size range, the mass 
of sampled material is not larger. 

3.3. Depos i t i on  fluxes 
Deposition fluxes F were calculated according to 

F -  E~=I VdiCi, (8) 

where n is the number of the impactor stages (5 or 10) and dpi is the particle diameter 
representing the impactor stage i. A problem arises from the fact that towards lager d v 
the deposition velocity increases steeply. Therefore, the particles sampled in the largest 
stage of the impactors often contribute the largest portion to the deposition flux, even 
if their fraction of the total particle concentration is low. Hence the choice of dpi for 
the uppermost impactor stage very sensitively influences the resulting F. In this study 
the dpi for every stage was set equal to the arithmetic mean of the upper and lower 
cutoff (see Table 1). It is assumed that the errors resulting from this choice will be 
compensated if a large number of measurements is averaged. 

Another possible procedure is to smooth the impactor data prior to calculation. As 
is demonstrated in Figure 3, measured size distributions dc/dlndp can sometimes be 
well fitted by log-normal distributions [33]. Then, upon integration according to 

F -  rl°°um ~-~ddp (9) J0.001k~m Vg 

the flux F is calculated. However, the majority of the measurements made during 
this study could not be properly fitted using a log-normal distribution. Therefore, the 
calculation according to Equation (8) was selected. 

In Figure 4 the input fluxes F of NH4+-N, NO~-N and SO42--S are shown for all 
sampling periods. The intensities of the fluxes cover a wide range. Maximum values 
occurred in periods where the ion concentrations in the larger particle size classes was 
high. As mentioned earlier, the results further reflect the wind velocity and the thermal 
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Figure 4. Time courses of the input fluxes of major S and N ions to the spruce forest 
at Wiilfersreuth, Fichtelgebirge 

Table 4 
Maximum and mean values of yearly input fluxes of the main N and S ions to the spruce 
stand 

maximum flux F (kg ha -~ yr -~) mean flux F (kg ha -1 yr -1) 
NH+-N 14.9 2.6 
NO~-N 9.4 2.7 
SO24--S 15.8 3.5 
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