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Dry deposition of acidifying and alkaline particles to 
forests" model and experimental results compared 
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A b s t r a c t  
This paper provides a comparison of modelling and experimental results on 

the dry deposition of acidifying and alkaline particles to forests. On average, a 
fair to good agreement is found between model and experimental results. 
Results show that the mean v d of acidifying aerosol (such as SO4) is around 1 
cm s i, while for base cations (e.g. Ca) v d is approx. 5 cm s "1. 

1. INTRODUCTION 

In 1991, the second phase of the Dutch Priority Programme on Acidification 
ended [1]. A major uncertainty recognized was the atmospheric input of 
acidifying and alkaline aerosol to forests. The contribution of acidifying aerosol 
deposition to total input is unclear. Most commonly, the deposition velocity of 
such particles is believed to be small. However, over very rough surfaces it is 
poorly quantified and may be larger than assumed upto now [2-3]. In the 3 rd 
phase of the Acidification Programme, a joint study was initiated to address the 
contribution of acidifying aerosol and base cations to atmospheric input and soil 
loads. This study consisted of a large experimental set-up together with a 
modelling study [4]. 

This paper compares estimates of particle deposition based on model and 
experimental results. The principal aim is to validate a model developed by 
Slinn [5] in such a way that deposition estimates derived from this model can 
be used for an assessment of the atmospheric input by particle deposition 
within the Netherlands. To this end a number of experiments were carried out 
in the course of 1992 and 1993 at the acidification research location 
Speulderbos in the Netherlands. The experiments differ in their set up, 
methods used, accuracy and each has its own advantages and disadvantages. 
Although results of all these experiments may not be directly comparable with 
each other, the whole array of results should bring about a clearer picture and 
understanding of particle deposition processes and of representative values for 
dry deposition velocities. 
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The model of Slinn was chosen following a review of current  dry deposition 
models for forest conditions [6]. An extensive sensitivity analysis showed tha t  
the uncertainty in v d may amount  to 65% for acidifying compounds (60% for 
base cations). Some modifications were made: the influence of relative humidi ty  
on particle size and corrections for atmospheric stability were included. To 
compare modelled v d with measured values, an integration of v d was carried out 
over particle size distributions. Estimates for these distributions were made 
from concentration measurements  carried Speuld or elsewhere in the 
Netherlands [6]. To model v d a number  of parameters  characterizing the canopy 
are required; for the Speulder forest these were estimated from data measured  
or from li terature values. To describe particle collection efficiencies, equations 
given in [7] were adopted instead of the original equations of Slinn, as they 
provided a better agreement with observational data. We will present  here a 
selection of the comparison with measuring data only. A full description can be 
found in [6]. 

2. M O D E L  E V A L U A T I O N  WITH M E A S U R E M E N T S  

Fog deposition 
In December 1992 and February 1993 a number  of fog events occurred during 
which eddy correlation measurements  were taken of the turbulent  deposition 
flux of fog droplets [8]. Model estimates of fog water  deposition were made by 
integrat ing modelled Vd over the fog droplet spectrum which was measured.  In 
December fog droplets showed a considerably larger mean diameter than  in 
February.  This will influence the contribution of sedimentation to the total flux 
of fog water  droplets. Sedimentation was not measured directly but  calculated 
from fog droplet spectra. Results show a large contribution of sedimentat ion to 
the total fog deposition (57% of the total flux in December versus 13% in Febru- 
ary). Fig. 1 shows a comparison of modelled and measured time series. On the 
whole, there is a reasonable agreement between modelled and measured values 
with a notable exception on February 9. Model results show a clear relation of 
the turbulent  deposition velocity with u, 2 (V d = 0.20 u, 2) which is close to the 
relation derived from measurements  (v t = 0.195 u,2). A response of v d to u, 2 
reflects the dominating influence of impaction. 
214Pb accumulation 

Over a period of more than a year 214pb accumulation was measured [8]. The 
values obtained can provide an analogue for the deposition of acidifying 
particulate mat ter  in the submicron size range (such as sulphate), because of a 
similar size distribution. We selected 26 measurements  for comparison with 
model results; the other data may have been biased by interference of 
unat tached 214pb. The experimental data relate to a local in-canopy deposition 
velocity at the measuring level, while the model provides a value referring to 
the entire canopy. To make the experimental data compatible with model 
estimates they have been scaled by a factor of 2.5. The uncertainty for this 
scaling factor ranges between about 1.5 and 4. 
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Figure  1 T ime  ser ies  of the  deposi t ion of l iquid w a t e r  over the  S p e u l d e r  fores t  
in F e b r u a r y  1993. The  line indica tes  model  r e su l t s  a n d  circles m e a s u r e m e n t s  

2.0 ..... : 2.0 

1 . 6 -  

10 

o 
"o 
---~ 1.0- 
r "I0 
0 
E 

0 . 5 -  

1.5 

.o. 

E 

0.5 

. 

/ 
t /  / /  

/ / / /  

/ /  

"oi  ,io 
V~ measured [cm/s] 

�9 o ;  o ~  �9 

: �9 

0.0 0.0 " I 
0.0 2.0 0.0 012 0.4 0'.6 018 1.0 

U* [m/s] 

Figure  2 (a) Compar i son  of v a m e a s u r e d  ( incorpora t ing  a scal ing factor  of 2.5) 
and  v d model led.  (b) The  re la t ion  of v d model led  wi th  m e a s u r e d  va lues  of u, 

The  model  pe r fo rms  re la t ive ly  poor in r e p r e s e n t i n g  the  deposi t ion  veloci ty  of 
214pb as m e a s u r e d  in the  canopy. This  s eems  la rge ly  caused  by two groups:  one 
wi th  a m e a s u r e d  v d b e t w e e n  1.3 and  2 cm s -1 for which  the  v d is d r a m a t i c a l l y  
unde rp red ic t ed ;  the  o ther  concerns  a g roup  wi th  a ca lcu la ted  v a of a r o u n d  1.3 
cm s 1 whi le  m e a s u r e m e n t s  indica te  a v d of a r o u n d  0.5 cm s 1. This  r e su l t s  in 
ha rd l y  any  cor re la t ion  b e t w e e n  m e a s u r e m e n t s  a n d  model  resul t s .  We e x a m i n e d  
if  two possible  factors  ( re la t ive h u m i d i t y  and  friction velocity) m a y  h a v e  caused  



434 

the highest  deposition velocities measured, but no clear relations were found. 
Despite the small correlation, the average v d calculated agrees quite well with 
the mean of the observations (although slightly underpredicted). 

Concentration gradient measurements 
A number  of concentration gradient measurements  (NO3, SO4 and particles) 
was carried out at the Speulder forest. All results were used for comparison 
with modelled values; however, we will present here results for SO4 fluxes from 
thermodenuder  gradient measurements .  A relatively large dataset  was 
available after selection, which shows a reasonable comparison with modelled 
fluxes below 0.3 pg m ~ (Fig. 3). Above this value, measured fluxes are 
systematically underestimated.  Large positive and negative measured values 
seem to be the result  of random measuring errors in individual concentration 
measurements .  Model and measuring results show by and large a similar  
response of v d to u,, a driving force of deposition (v d - u,12). Averaged model 
results of v d fall within 95% confidence limits of the averaged measured data. 
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ThroughfaU 
Draaijers et al. [9] made an analysis of throughfall fluxes and canopy 

exchange processes at Speuld. As part  of this analysis atmospheric deposition 
estimates were made for the various acidifying and base cation compounds. A 
summary  of results is presented in Table 1. To assess the performance of the 
particle deposition model, the components in throughfall most suitable for 
comparison are Na and C1. The dry deposition of these two elements is via 
particle deposition only (as opposed to the sulfur and nitrogen compounds), 
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while canopy exchange processes do not influence their throughfall  fluxes 
significantly. 

To establish the atmospheric input by particle dry deposition we inferred 
values of v d for acidifying and alkaline particles using the modified model of 
Slinn and continuous meteorological data measured at Speulder forest. Size 
distributions as derived from measurements  at Speuld [6] were applied to 
obtain an integrated value of v d. Fluxes were calculated from these integrated 
v d values and the series of aerosol concentration measurements  [10]. Results 
are shown in Table 1 for the period November 1992 to May 1993. The est imates 
are based on a time coverage of around 65%. Estimates of the input by dry 
gaseous deposition and by fog have been derived from gradient measurements  
and inferential modelling [4,8,11]. 

Table 1 
Est imates of total atmospheric input (consisting of gaseous dry deposition, 
aerosol dry deposition and fog deposition) at Speulder forest. For comparison, 
net throughfall fluxes as well as net throughfall corrected for the canopy 
exchange processes are indicated. Fluxes are in mol ha -1 yr 1. Also shown are 
mean and s tandard  deviation of aerosol v d used in these calculations (cm s ~) 

SOx NOy NHx Na C1 Ca K Mg 

�9 gas 663 356 1443 0 0 0 0 0 
�9 aerosol 216 414 645 599 855 101 34 118 
�9 fog 34 23 96 2 4 1 1 0 
total atmospheric input 913 793 2184 599 889 102 35 118 
uncertainty 40% 40% 50% 50% 50% 50% 50% 50% 

net throughfall 924 394 1728 692 802 159 305 138 
net TF - canopy 924 394 1983 692 802 86 35 98 
exchange 30% 40% 40% 30% 30% 40% 50% 40% 
uncertainty 

average v d 1.3 1.9 1.0 5.0 5.0 5.7 2.8 5.8 
s tandard deviation 1.5 2.4 1.1 4.1 4.1 4.4 2.9 4.5 

The long-term atmospheric deposition estimate of SO x nearly equals the net 
throughfall flux measured. For Na and C1, there is only a small difference 
between both ways of estimating input. In the case of NH x and NOy and most 
base cations, total atmospheric deposition is lower than net throughfall. 
However, if a correction is applied for the influence of canopy exchange 
processes atmospheric deposition and net throughfall fluxes compare 
reasonably well in the case of NH x and base cations. Corrected net throughfall  
fluxes of Ca and Mg are slightly smaller than the atmospheric deposition 
estimate. However, this is probably caused by an overestimation of the canopy 
leaching of Ca and Mg by the canopy exchange model [9]. On the whole, long- 
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a n d  SO4 m e a s u r e m e n t s  for w h i c h  t h e  l a r g e s t  d a t a  se t s  w e r e  ava i l ab l e .  F o r  
t h e s e  two  compouds ,  also a r e a s o n a b l e  s i m u l a t i o n  of t h e  t i m e  se r i e s  could  be 
m a d e .  Moreove r ,  a c o m p a r i s o n  of mode l  a n d  m e a s u r i n g  e r ro r s  g ives  no s t r o n g  
s u p p o r t  for  a s ign i f i can t  b i a se s  of t h e  depos i t ion  ve loc i ty  by  t h e  m o d e l  u sed .  

Tab le  2 
Model  p e r f o r m a n c e  to s i m u l a t e  v a m e a s u r e d  w i t h  v a r i o u s  t e c h n i q u e s  a t  
S p e u l d e r  forest .  F o u r  d i m e n s i o n l e s s  i nd i ca to r s  of mode l  p e r f o r m a n c e  a r e  
p r e s e n t e d :  co r r e l a t i on  coefficient  (R), f r ac t iona l  b i a se s  of m e a n  (FBM)  a n d  
v a r i a n c e s  (FBV) a n d  n o r m a l i z e d  m e a n  s q u a r e  e r r o r  (NMSE) .  Fo r  c o m p a r i s o n ,  
m e a n  a n d  s t a n d a r d  dev i a t i on  (in cm/s) a r e  s h o w n  as well  for m o d e l  a n d  
m e a s u r i n g  r e s u l t s  

Intercomparison R FBM FBV NMSE v a a v a (~ n 
model model meas. meas. 

Fog 0.57 0.18 0.71 1.12 2.9 1.8 2.8 2.3 116 
214pb 0.15 -0.37 -0.66 1.01 0.5 0.3 0.7 0.5 26 
NO 3 (filterpack) 0.55 0.02 -1.06 1.75 1.2 1.1 1.2 1.9 23 
SO 4 (filterpack) 0.42 0.55 -0.60 2.66 1.1 1.0 0.7 1.4 23 
SO4 (thermodenuder) 0.33 -0.08 -1.54 1.94 2.1 1.2 2.3 3.4 169 
Ca (DFM, unscaled) 0.78 1.44 1.86 5.16 4.1 2.5 0.8 0.5 14 
Ca (DFM, scaled) 0.78 0.62 0.93 0.59 4.1 2.5 2.4 0.9 14 
Na (throughfall) 0.52 -0.14 -0.10 0.26 5.0 1.5 - - 8 
SO 4 (throughfall) 0.77 0.01 0.52 0.04 1.3 4.1 - - 8 
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as  a f u n c t i o n  of a v e r a g e d  v a l u e s  of u.  (in i n t e r v a l s  of 0.1 m/s)  

F r o m  our  c o m p a r i s o n  one can  ob t a in  l i t t le  g r o u n d  to re jec t  m o d e l  r e s u l t s ,  
a l t h o u g h  mode l  p e r f o r m a n c e  is no t  v e r y  sa t i s fy ing .  H o w e v e r ,  p r e s e n t  o u t c o m e s  
conf i rm e a r l i e r  o b s e r v a t i o n s  of h i g h e r  depos i t i on  ve loc i t ies  of ac id i fy ing  
pa r t i c l e s  onto  fores t s  a n d  o the r  v e r y  r o u g h  sur faces .  This  does no t  ho ld  on ly  for 
t h e  depos i t i on  m e a s u r e m e n t s  ca r r i ed  out  in  Speu ld ,  b u t  a lso for t h e  m o d e l  
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term averaged particle deposition fluxes seem to be in line with input  est imates 
obtained from (corrected) net throughfall. This provides confidence in the long- 
term averaged values of v d calculated for particle dry deposition as well as in 
the performance of the canopy exchange model. 

In order to make an evaluation on shorter time scales atmospheric 
deposition estimates were compared with net throughfall fluxes of 16 individual 
sampling periods (varying in duration from 57 to 493 hours). For these 16 
individual events significant relationships between atmospheric deposition 
estimates and net throughfall fluxes could not be detected. This can largely be 
explained by incomplete wash-off of dry deposition from the canopy by 
precipitation [9]. This incomplete wash-off created a time dependency of 
throughfall  samples on previously collected samples. A second reason for a lack 
of correspondence is the limited coverage in time of measurements  on which 
some of the atmospheric deposition estimates are based. The limited t ime 
coverage can potentially introduce large errors in deposition estimates.  
Enlarging the averaging period over which deposition is calculated (by taking 
two consecutive periods together), modelled fluxes and net throughfall  agree 
reasonably well (see results for Na and SO4 in Table 2). 

3. SYNTHESIS  

We presented a comparison between deposition flux measurements  of 
various compounds and tracers with estimates based on calculations with 
Slinn's dry deposition model. A summary  of results can be found in Table 2. 
The model version used for these calculations included alternative descriptions 
of particle collection efficiencies [7], instead of Slinn's original equations. These 
alternatives were adopted as they yielded significantly higher deposition 
velocities. Such differences reflect the uncertainty in current unders tanding of 
the particle deposition process. The option of adopting alternative efficiency 
descriptions was chosen as it seemed at first hand to match more closely with 
the data measured. 

To assess the performance of the model we used four different indicators to 
measure correspondence between measured and modelled fluxes. None of these 
indicators point at a good agreement; at best, their  values i l lustrate a 
reasonable performance due to the large scatter. The cause for this are the 
relatively large inaccuracies of measuring methods used and the sensitivity of 
the model which is of the same order (60 - 130%). Depending on the compound, 
the averaged modelled fluxes differ with 2% to 144% from the averaged 
measured fluxes. The largest difference applies to a comparison with dry 
deposition fluxes from a filter method, a technique which may be characterized 
as unreliable. With respect to reproducing the variability in measured fluxes, 
the model seems to underest imate this variability systematically. On the other 
hand, the model adequately reproduces the response of v d to u. (an impor tant  
driving force of particle deposition) by showing similar features as the 
measurements  (see Fig. 4). This holds in particular for the case studies with fog 
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simulations. They also support the adjustment by Erisman [11] of the original 
parametrisation of v d by Wesely et al. [12] in order to obtain higher values for 
acidifying particles. With respect to Slinn's deposition model, such higher 
values can only be calculated if alternative descriptions of particle collection 
efficiencies are used. 

The present, adjusted version of Slinn's deposition model can in principal be 
useful to generalize dry deposition of acidifying particles to forests and other 
rough surfaces. A more convenient way (because of computational reasons) is to 
rely on a parametrisation of v d with u.. Secondly, as most input parameters  of 
the model are not available for making deposition estimates for the entire 
Netherlands and also detailed particle size data are lacking, the model 
response will be primarily depending on u.. Such a relation has been 
successfully derived from this model [4,6]. A parametrisation will, no doubt, 
cause inaccuracies and extrapolations have to done with caution, but, at the 
same time, these inaccuracies will be mostly due to the uncertainties of the 
model. Using the model itself will hardly reduce uncertainty in v d for such 
purposes. It may only make the sources of such uncertainties more explicit. 
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