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ABSTRACT:

Below cloud scavenging processes have been investigated considering a numerical simulation, local
atmospheric conditions and particulate matter (PM) concentrations, at different sites in Germany.
The below cloud scavenging model has been coupled with bulk particulate matter counter TSI (Trust
Portacounter dataset, consisting of the variability prediction of the particulate air concentrations
during chosen rain events. The TSI samples and meteorological parameters were obtained during three
winter Campaigns: at Deuselbach, March 1994, consisting in three different events; Sylt, April 1994
and; Freiburg, March 1995. The results show a good agreement between modeled and observed air
concentrations, emphasizing the quality of the conceptual model used in the below cloud scavenging
numerical modeling. The results between modeled and observed data have also presented high square
Pearson coefficient correlations over 0.7 and significant, except the Freiburg Campaign event. The
differences between numerical simulations and observed dataset are explained by the wind direction
changes and, perhaps, the absence of advection mass terms inside the modeling. These results validate
previous works based on the same conceptual model.

Keywords: scavenging processes, particulate matter, numerical modeling

RESUMO: PROCESSOS DE REMOCAO DE MATERIAL PARTICULADO ATMOSFERICO:
UMA MODELAGEM NUMERICA DE ESTUDO DE CASOS

Os processos de remogao atmosféricos foram investigados em simulacdo numérica, levando-
se em conta as condi¢des atmosféricas locais e a concentracdo de matéria particulada (MP) em
diferentes lugares na Alemanha. Um modelo de remocao foi desenvolvido com intuito de predizer a
variabilidade da concentracdo no ar da matéria particulada observada por um contador de particulas
totais TSI, durante eventos de precipitagdo. As amostras de TSI, bem como os dados meteoroldgicos,
foram coletadas em trés Campanhas em Deuselbach, em trés diferentes eventos; Sylt e Freiburg,
respectivamente durante os meses de margo de 1994, abril de 1994 e margo de 1995. Os resultados
mostram boa concordancia entre os dados modelados e observados, com altos coeficientes de correlagiao
quadraticos acima de 0.70, dentro da significancia, exceto na Campanha de Freiburg. As diferencgas
apresentadas sdo devidas a alteracdes significativas da dire¢ao do vento e, talvez, devido a auséncia
de advecgdo de massa dentro do modelo. Estes resultados auxiliam a validag@o de trabalhos prévios
baseados no mesmo modelo conceitual.

Palavras Chave: processos de remog¢ao, material particulado, modelagem numérica.
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1. INTRODUCTION

Wet removal of particulate matter by rainfall should
have an important role in the aerosol concentration of a
pollutant atmosphere. The comprehension of the cleaning the
atmosphere, with consequently impact on the ecosystems,
human health and pollution transport are rather than obvious.
There are two mechanisms: the incorporation to the droplets
inside of cloud scavenging, denominated in cloud, and to the
raindrops scavenging, denominated below cloud. The present
paper had been investigated this second one, i.e., the below
cloud process. We also consider the bulk particulate matter
(PM), as the scavenged pollutant, within the acrosol range
denomination; therefore, PM is a synonymous of aerosol
herein.

The below cloud mechanism could be parametrized in
a below cloud model taking in account the raindrop collision,
in which includes many individual processes, as Brownian
diffusion, interception and inertial impaction. The scavenging
model presented in this work has been initially developed by
Herbert and Beheng (1987) as a numerical model including
the collision efficiency. The present work also considers the
collision efficiency developed by Seinfeld and Pandis (1998),
Volken (1994) and Pruppacher and Klett (1997).

Many authors have also been discussed the aerosol
scavenging by raindrops with theoretical basis studies and
laboratory tests, since Hampl et al. (1971) and Wang and
Pruppacher (1978). Oberholzer et al. (1993) compared in field
campaigns during winter samples from soil in different levels
taking in account the gas ammonia (NH3 ) and the particulate
ammonium, NH4+, in the scavenging processes. Stdhelin et
al. (1993) has been worked on the same topic, entailed to that
Campaigns, inside of the Project entitled “Winter precipitation
at Mount Rigi”, or WaBoLu (Wasser, Boden und Luft, meaning
“water, soil and air” in German language) for the Mt. Rigi
region, central Switzerland. Volken (1994) modeled the
scavenging processes of the same particulate NH4Jr and gas
NH3, inside this Project.

Leaitch and Isaac (1994) related the sulphate
concentration to cloud drop, finding out relations between CCN
(Cloud Condensation Nuclei) and cloud droplets development.
Cautenet and Leveifre (1994) studied a 2-D convective cloud
coupled with a chemical model in order to predict 5 chemical
species through aerosol and gas scavenging processes at African
Equatorial forest. The main results have shown a reduction of
aerosol scavenging efficiency with increasing the rain intensity,
a strong impact of the vertical atmospheric trace elements
on ground rain concentration, a difference in scavenging
efficiencies according to the origin of the elements (gas or
aerosol) and a depletion of air concentrations during rainfall.
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Bergin et al. (1996) modeled the scavenging processes
of gases and PM, such as, sulphur dioxide (SO,), nitric dioxide
(NO,) and nitric acid (HNOs), for radiative fog clouds,
comparing to experimental measurements. These studies take
in account to the particle size spectra, among other parameters.

More recently, Orb (1998) applied CLARK/DESCAM
model in order to evaluate the concentration of ammonium
(NH,"), through an orographic cloud scavenging processes and
compared to observe data set, obtaining quite reasonable results.
Flossmann (1998) has been studied the interaction between
cloud and aerosol scavenging taking in account the colisional
efficiencies. Recently as well, Kasper-Girbl et al. (2000) have
been calculated the scavenging efficiency of acrosol carbon and
sulphate at Mt. Sonnblick, Austria.

Most of the recent works deal with in cloud scavenging
processes where nucleation and impaction have greater
importance such as Caro et al. (2004). Those authors treated
the modeling with those in cloud processes, inside the warm
cloud in a bidimensional model.

Gongalves et al. (2000, 2002 and 2007) and Silva et al.
(2008), studying the below cloud scavenging processes at Serra
do Mar and Amazonia region, both in Brazil, denoted significant
aerosol scavenging transference to the rainwater. These studies
present a scavenging process based on a conceptual model
without comparison and validation with disdrometric dataset.
Disdrometric data would improve the numerical modeling,
based on fact they display a detailed and real raindrop
distribution rather than gamma functions which are normally
and previously used.

Consequently, the aim of this study is to validate a
conceptual model, below cloud base, in order to simulate
the scavenging processes of bulk particulate matter (PM),
and compared to the field Campaigns measurements using
disdrometric data. Therefore, it deals with observational and
modeling analysis, comparing both in order to inspect the
nature of the scaveging processes of PM by detailed raindrop
spectra in which affects directly the reservoirs exchanges inside
of ecosystems.

2. DATAAND METHODOLOGY
2.1 Experimental Sites

The experimental sites are illustrated at the map of
Germany (Figure 1), including the neighbour countries and
the capital Berlin. The chosen events were collected during the
Sylt, Deuselbach and Freiburg Campaigns, taking place during
winter and spring times. Sylt is an island located in North of
Germany, nearby the North Sea, in a very flat region, bathed by
strong sea winds almost whole year. Deuselbach Campaign is
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located inner Southwest Germany, in a rural region surronding
by soft hills, no more than 200 m high. Three rainfall events
took place, during this Campaign, which were herein evaluated.
Freiburg is the most extreme Southwest city in Germany (over
10,000 habitants). It presents a rather continental climate, as
Deuselbach, both different of maritime climate of Sylt. The
Freiburg site is located in the suburbs of Freiburg, at Rhine
valley, surrounded by Vosges (France) and Black Forest
(Germany) Mountains, both over 1,000 m high.

2.2 Physical description of scavenging of particulate
matter (PM)

The mathematical description comprising particle
collection, as a drop falls through the polluted air it could
collide with aerosol particles and collecting them. We denote
the diameter of the falling drop by Dg and the aerosol particle
diameter by Dp (in this case, PM) collected by the first ones.
We also denominate v( Dp) and Vt(Dg) as particle terminal fall
velocity and raindrop fall velocity, respectively. The volume

swept out by the falling drop in time dt is (m/4)( Dp+Dg)2/

Sylté_ . Ballic Sea

Horth Atlantic

Czech Rep.

Sambna

Figure 1 - This Figure illustrates the Germany map with the stations
Sylt-Westerland, Deuselbach and Freiburg-am Breslau, including
Hauptstadt Berlin.
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( Vt(Dg)-vt( Dp))/dt. The number of particles with diameter
Dp collected in time dt is the product the volume described
and the total number of particles n(Dg) dDg in the diameters
interval [Dg, Dg + dDg ]. This product should give us the
number of particles of diameter Dp collected in time dt if the
trajectories of the particles do not depend on the airflow patterns
around the falling raindrop. With those considerations in mind,
we introduce an empirical function of collision efficiency,
E(Dp,Dg), describing just a fraction of particles, Dp, that are
contained within the collision volume of the raindrop, Dg, which
will be collected, leading us to the following equation;

T 2
A(D,)=] 4 (D +Dy)
VE(D,,D,)N(D,)dD,

V,(D,)=v,(D,) O

where N(Dg) is the raindrop size distribution, V; (Dg) and vy(
Dp) are the terminal velocities of the raindrop and particle
respectively and Ap (Dg) is scavenging coefficient.in s™'.

The integration of (1) is the particle scavenging
coefficient Ap (Dg), which results with the following
approximations: V; (Dg) >> Dp) and (Dg+ Dp)2 / Dg2 and
thus the Equation 1 can be rewritten:

© JT
AD,)= jo ZD;V,(Dg)E(Dg,DP)N(Dg)dDg @)

The raindrop size distribution N(Dg) is not usually
known, except when there is a disdrometer dataset. N(Dg)
also can be measured by a function of the rainfall rate, R,
obtained by disdrometer data or functions based on the drop
size. According to Pruppacher and Klett (1997), Seinfeld (1998)
and Volken (1994), the main forces involving the calculus of
the collision efficiency is: Brownian diffusion, interception and
impaction, described as it follows;

* Brownian diffusion.

The value of the collision efficiency of the Brownian
(E}0) diffusion could be approximated by:

= %(l +0.29Re"* Sc'* +0.11Re"* Sc'?)
€oC

brow
3)

where Re is Reynolds number and Sc is the Schmidt number.
* Interception.

We can approximate the interception effect (£,,,,) by:
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Einter = 3 / Z (4)

D

where the ratio y = —£

p

e Inertial Impaction.

The inertial impaction effect (£j,,,,.), is approximated
by the following equation, valid up to 2 um of particle diameter:

_ ot )
impac 2
(+x

with y as defined above, and

2
= (—)arctg(0.1465+1.302z
T

,—0.607z° +0.2932°)
and z = In St —In St ,; with

St,,; = exp(~0.1007 —0.358 In Re+0.0261Re”)

where Re is Reynolds number, St is the Stokes number, in that
case, Volken (1994) defines Stokes number as:
,i0Vi-v) D 2P,

— b

©)
St B Dp lgﬂar

where V,, D, were defined above and p,, is the air viscosity.
* Superposition of the Main Mechanisms

Thesumofthemainmechanismsgivenby Volken(1994)is:

=1- (1 Elmpac )(1 mter) + Ebrown
)+E

eletro

O

+ maX( termo dtfuso
with Egj,40 and E (termo-+diffuso) 1€ t00 small to be included
in this work. Avoiding the double collection of the two main
mechanisms, interception and impaction, it was used the following
assumption at Equation 7: Eimpac+inter:Eimpac*Emter

Eimpac-Einter- Although the solution is still a linear solution,
it is possible to work below 1 unit for the efficiency E. Figure
2 shows all mechanisms together.

2.3 The Modeling Description

Accordingto Junge (1963), the basic equation for particulate
matter (PM) concentrations during the rainfall event is expressed,
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Figure 2 - Collision efficiency versus particles size spectra, including
separated the three mechanisms of particle scavenging plus all
mechanisms together (sum), extracted from Volken (1994) and
Gongalves (2007).

C, =C, exp(=A,t) (®)

where C 10 is the initial concentration particles in air, C,,1, the
particle air concentration (pamculate/dm3) attime ¢, and A(D
is the below cloud coefficient of particles (Equation 2) and 7 is
the rainfall time.

i) Description of Input Parameters

e The geometric model structure was based in a non-
dimensional closed box, between the cloud base and the
ground, without advection mass and in cloud mechanism.
In other words, once the model starts to run, there are no
external changes;

e A uniform raindrop size distribution (DSD) above the
ground and uniform rainfall rate was considered just the
evaporation of the drops. No splitting, break-up events
or other changes of the DSD during the event took place.
Different DSD relations could express the DSD, without
disdrometric data. The Disdrometric DSD, from RD-69,
was divided in fifty classes of drop size, varying from 0.3
mm to 5.2 mm diameter. Therefore, the raindrop size spectra
were function of disdrometric data collected;

e The particle size was characterised by a trilog-normal
function, based on Whitby (1980) and Jaenicke and Davies
(1976), as rural distribution, between 0.01 um to 40 pum
(radius), divided in to 73 class sizes. The distribution in
mass and number were assumed constant on time with
respect to particle diameter, i.e., hygroscopic growth was
not considered;
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Falling velocity of raindrops was based on Pruppacher and
Klett (1997);
Particle density was assumed equal to 1.0 g/cm®.

ii) The Input Data

It had been chosen to the numerical simulation some

events during the Sylt, Deuselbach and Freiburg Campaigns
(see Figure 1 and Table 1). The sampling and data analysis
had the following characteristics:

The Cloud Condensation Nuclei counter, a TSI
Portacounter (TSI is the name of the enterprise meaning
“Trust, Science, Innovation”), was generated the bulk
particulate matter concentration, per cubic decimetre
(or air litre), with 1 minute resolution, equal or greater
than 1 micron of aerodynamic diameter. The chosen
periods are presented in the Table 1, adding the initial
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air concentration input data. The different input values
of Deuselbach data is due to fact they belong to three
different events;

During some events, it had been considered smoothing
the peaks presented in the observed air concentrations,
probably due to many factors, such as vehicle traffic. The
TSI counters were placed near of traffic roads. Therefore,
it was generated a mean value of the air concentrations,
and for the corresponding disdrometric and rainfall rates,
for each five minutes, attempting to eliminate the peaks in
Figures 3 and 4, for instances. For Sylt station, the mean
had been evaluated during each one hour, and for Freiburg,
the smallest event, it had been smoothed by three minutes;
Rainfall rates during the Campaign had been evaluated
by the disdrometer RD-69, with the software developed
by Disdromet Ltd.. The events were considered as such
when the rainfall rate was over 0.01 mm.h"!, and constant
during more than 2 minutes;

Table 1 - Sites, day, time and initial particulate matter concentration, as input in the

model.
Sites Day and rainfall ime Input Air Concentration
(particles.dm3)

Deuselbach 01/03/1994 from 17:00 to 18:40 3.100

Deuselbach 03/03/1994 from 18:00 to 20:35 5,700

Deuselbach 06/03/1994 from 22:00 to 2:15 6,262

Svlt 01/04/19%4 from 0:00 to 11:00 7.540

Freiburg 21/03/1995 from 16:30 to 17:05 23,290

PM concentrations and rainfall rates
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Figure 3 - Particle matter concentration in air (as line and per dm3), collected at March 1st 1994, at Deuselbach, from 17:00 LT to 18:40, and the
respective rainfall rates (Figure a as bars) and wind direction (Figure b) at the same period.
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e Temperatures, relative humidity and atmospheric
pressures had been measured and calculated their
arithmetical means, obtained at the ground stations, during
the respective rainfall event, in according to the Table 2.

iii) Statistical Analysis

In order to compare modeled and observed data,
Pearson correlation coefficient was used. The event sizes
(time series) from Table 1 have 100, 155, 255, 660 and 35
data, respectively to the sites of Deuselbach (the three March
events, by chronological order), Sylt and Freiburg. The
data were performed by one minute each, but the statistical
calculations were smoothed as described above. All statistical
significances were considered with P<0.05, except the last
event with P<(.1.

3. RESULTS

The Figures 3a to 7a illustrate total PM concentrations,
particles number per dm?, with resolution of 1 minute, with the
rainfall rate during the rainfall time period. The Figures 3b to 7b
illustrate the wind directions of the same period. The numerical
simulations are displayed in the Figures 8 to 12, which show
both observed and modeled air PM concentrations.

i) The Results for March 1% at Deuselbach Are
Depicted in Figures 3 and 8.

These Figures present a rainfall event along two
hours, with slightly rainfall rate reaching 4.5 mm.h™! at
maximum (Figure 3). It also presents a decrease of observed
PM concentration, probably due to the below cloud process.

Table 2 - Arithmetical mean and respective pattern deviations for the main parameters: temperature, relative humidity and atmospheric pressure,

during each sampled event obtained from Table 1.

Sites Temperature (°C) Relative humidity || Amm. pressure (hPa)
(%%)
Deuselbach, 01/03 3214 90.0 = 10.0 991.7=0.3
Deuselbach, 03/03 48+04 100.0 974005
Deuselbach, 05-6/03 75=1.1 68.6 =102 997.0 = 0.3
Sylt. 01/04 8406 91275 982.76.3
Freiburg, 21/03 6.6+1.6 833114 993.7=0.2
PM concentrations and rainfall rates Wind direction
Deuselbach, 03/03/1994 Deuselbach, 03/03/94
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Figure 4 - Particle matter concentration in air (as line and per dm3), collected at March 1st 1994, at Deuselbach, from 17:00 LT to 18:40, and the
respective rainfall rates (Figure a as bars) and wind direction (Figure b) at the same period.
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Figure 8 presents observed and modeled PM
concentrations, in which both fit reasonably during the first 40
minutes of rainfall. The observed curve is normalized, i.e., the
peaks are extracted. The same procedure for the other events
was adopted. After this period, they started to be separated,
showing a modeling underestimation. The first explanation for
this result could be a lightly mass advection through the box
model which could be proved by wind direction change. The mass
advection might bring another amount or different particulate
matter concentrations, higher than expected by the modeling.

The wind had been blown from the WSW (240°), at the
beginning, during the first 40 minutes of this rainfall event, softly

Wind direction
Deuselbach, 05-06/03,/94

g

g E

o NSNS TN

s\\ﬂ

MR
=
a

g

g

direction (In degress)
2

Figure S - Particle matter concentration in air (as line and per dm3),
collected at March 5-6th 1994, at Deuselbach, from 22:30 LT to 02:15,
and the respective rainfall rates (Figure a as bars) and wind direction
(Figure b) at the same period.

PM concentrations and rainfall rates
Sylt, 01/04/1994

10000

concentration (part.dm—3)
rainfall rate (mm.h—1)

time (hour)
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turning to the West, after 17:40 LT (see Figure 3b). At the matter
of fact, this wind direction change could explain the difference
between observed and modeled PM concentrations. However, it
should be pointed out that those variations would not be sufficient to
support the modeled differences, due to the fact that that changing
of wind direction was very soft. The nearest sources could play
an important role as well, as for instances the vehicle traffic.

Nevertheless, the modeling agreement has an excellent
agreement showing the square correlation coefficient up to 0.91,
even including the peak at 90 minutes of rainfall time. This
peak is probably due to traffic crossing the study area, which is
countryside (see at 18:30 in Figure 3a, typical for vehicle traffic).

ii) The Results for March 3" at Deuselbach Are
Depicted in Figures 4 and 9.

This Figure 4 shows an event almost three hours long
with rainfall rates less than 4 mm.h™!. Even though there was
a significant decayment of particulate matter concentrations.

At the first 40 minutes of rainfall time (Figure 4a), the
observed PM concentrations have been maintained almost
constant with a peak around 60 minutes, after that the PM
concentrations decay. The modeled PM concentrations follow
almost in parallel to the observed concentration, except by the
last three values (Figure 9).

These possible differences could be again due to the
advection mass absence, as it has been explained above. The
wind direction (Figure 4b) altered softly and continuously during
whole event, turning from the S (180°) to the WNW (300°).
This variation should be enough to explain alone the particulate
matter concentration decrease, in opposite of the result above
(Deuselbach, March 1st), when the alteration had been too soft

Wind direction
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Figure 6 - Particle matter concentration in air (as line and per dm3), collected at April 1st 1995, at Sylt, from 1 o’clock to 11:00 LT, and the respective
rainfall rates (Figure a as bars) and wind direction (Figure b) at the same period.
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PM concentrations and rainfall rates
Freiburg, 21/03/1995
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Figure 7 - Particle matter concentration in air (as line and per dm3), collected at March 21st 1995, at Freiburg, from 16:30 LT to 17:05, and the
respective rainfall rates (Figure a as bars) and wind direction (Figure b) at the same period.

for such effect. Consequently, the square correlation coefficient
also presents higher value up to 0.90, significant, although the
regression analysis was evaluated without the initial value
group (around initial twenty minutes) and without the three
last points.

iii) The Results for March 5-6'" at Deuselbach Are
Depicted in Figures 5 and 10.

The Figures Sa and 5b present the third rain event with
4 hours duration and with rainfall rates quite soft, less than
0.7 mm.h!, except after two hours of rainfall, which reached
the rate of 1.8 mm/h. The Figure 10 shows a good agreement
between modeled and observed PM concentrations, in despite
of the first twenty minutes of rainfall time. Nevertheless, after
that period, the observed PM concentration followed quite
close to the modeled one, until 150 minutes.

The particulate matter variations and differences
between simulated and observed could be also explained
as it was described above, by the advection absence. These
differences should be corroborated by the changing of the
wind direction (see Figure 5b), where the first thirty minutes
(from 22:01 to 22:30 LT), the wind had been blown from
WSW (around 250°), turning to W (270°), at 22:30 LT and
it did not change anymore until the event ending. Therefore,
in this case, almost without wind change, the observed
PM concentration decrease could be easily attributed to
the below cloud process, being very close to the modeled
PM concentrations, even in absolute values. The square
correlation coefficient presents the highest value of the all
simulations: 0.93.

Deuselbach, 01/03/1994]

10000

concentration (particles.dm—3)
o
3
1

100 T T T

0 1 20 30 40 S0 60 70 8O 90 100
rain time (minutes)

‘ —#*— modelled —=— observed \

Figure 8 - Particulate matter concentrations in Deuselbach, 01/03/94:
observed (normalized) and modeled, with t =0 at 17:00 LT.

iv) The results for April 1° at Sylt Are Depicted in
Figures 6 and 11.

The Figure 6a illustrates the longest event from the all
sampled cases, lasting along 10 hours and with rainfall rates not
higher than 1.5 mm.h"!, taking in account 1 hour mean.

The wind direction (Figure 6b) has been constant during
whole event, blowing always from SSE (from 150 to 170°), from
the sea, as expected for this area without transient systems. No
wind direction alteration and with continuously soft rainfall
rates could not explain the clear increase of the observed PM



Dezembro 2010

concentration around 6 o'clock a.m. This increase should be
attributed to a source at neighbourhood, as traffic vehicle rise, for
example, probably at that time, or another source at SSE of the
site. Nevertheless, these oscillations do not modify significantly
the square correlation coefficient, keeping a significant value,
around 0.80. Therefore, the modeled PM concentrations (Figure
11) could reproduce the observed concentration in a good
agreement. In despite of the increase after 6 o'clock a.m., both
concentrations follow each other almost in parallel.

v) The Results for March 21° at Freiburg Are
Depicted in Figures 7 and 12.

Figures 7a and 7b show the shortest event of all
cases, less than 30 minutes, with rainfall rate reaching up

Deuselbach, 03,/03/1994|

10000

concentration (particles.dm—3)

1000

20 40 60 80 100 120 140 160
raintime (minutes)

‘ —*— modelled —=— observed l

Figure 9 - Particulate matter concentration in Deuselbach, 03/03/94:
observed (normalized) and modeled, with t =0 at 18:00 LT.

Deuselbach, 03,/03/1994|
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Figure 10 - Particulate matter concentration in Deuselbach, 05 to
06/03/9: observed (normalized) and modeled, with t =0 at 22:00 LT .
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to 8 mm/h, presenting the only event with soft convective
characteristics.

The modeling results (Figure 12) present a discrepancy
between observed and modeled PM concentrations, exhibiting
the lowest correlation coefficient from the all simulations,
0.60. This event presents the smallest dataset, last than 10 with
three minute averages, in which, in this case is significant only
with P<0.1. The peaks presented at the beginning, around 50
minutes of rainfall, could be due to the crossing vehicles, in the
neighbourhood of the station, rather common in this site area,
installed close of the street.

The wind direction (Figure 7b) could also explain the
differences, presenting the greatest oscillation of the wind
direction, within all events, oscillated firstly from the ENE/E
to NNE, during the first 40 minutes. After that, at 45 minutes of
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Figure 11 - Particulate matter concentration in Sylt, 01/04/94: observed
(normalized) and modeled, with t =0 at 01:00 LT .
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Figure 12 - Particulate matter concentration in Freiburg, 21/03/95:
observed (normalized) and modeled, with t=0 at 18:32
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rainfall, it turned to the ESE (120°), returning to ENE and, more
9 minutes (after 54 minutes of the rainfall started) and to E, with
1 hour of rainfall time. These oscillations should partially be
responsible by the PM concentration increase, at the beginning
of the event, presented at the Figure 7a, with the soft peak at
16:50 and by the suddenly increment at 16:54. It also should be
pointed out the event had been weakly convective, corroborating
by the great oscillation of the wind direction.

vi) Wet Deposition

As an example, the amount of PM transferred from the
atmosphere to the hydrosphere reservoir is at maximum about
10,000 particles per dm? (at Freiburg event), by the below cloud
process observed and modeled. Having the particles a density of
1 g/cm®, and mean aerodynamic diameter of 2 pm, it represents
roughly 0.3 g/m? of mass deposited on the ground by 4 mm
of rainfall accumulated in the event time interval. Therefore
based in this event, the transference of particle matter could be
calculated in about 50 g/m? per year by wet deposition, having
a rainfall accumulation of 700 mm per year in Freiburg. This
amount is higher than the literature data, as for example in
Pruppacher and Klett (1997) around 1 to 7 g/m? per year for
urban areas. This higher result is expected due to the fact the
modeling is dealing with just one single event which could
overestimated the total removed by wet deposition in this region..

The other events present values below 10000 particles
per dm? and rainfall rates lower than the Freiburg event. The
wet deposition is around 0.1 g/m* of mass deposited on the
ground by around 5-10 mm of rainfall accumulated. All with
smaller wet deposition close to the literature, less than 10 g/m?.

4. CONCLUSIONS

Primarly the results presented herein show a reasonable
agreement between the scavenging modeled and observed
particulate matter concentrations, although the observed ones
had underestimated the absolute modeled PM concentrations.
The agreement could be verified through the long events (many
hours of rainfall) as well as the short ones (less than two hours
of rainfall).

It is also interesting to point out that the stratiform events,
characterised by rainfall rate smaller than 5 mm.h™!, typical for
winter and spring in Germany, and without significant variations
in the mean wind direction, have the highest correlation between
observed and modeled PM concentrations. The wind direction
variability could explain most of the differences between both
concentrations. Therefore, the mass advection might be the
explanation between modeled and observed PM concentration
differences. That result should be improved with the 3-D
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modelling perspective of the cloud scavenging processes.
The disdrometric data set could reproduce the raindrop size
distribution and were quite useful do validate the conceptual
scavenging model.

The achieving results herein have shown the importance
of the transference between the atmosphere and hydrosphere
reservoirs, as well. This transference has a significative role,
taking in account its impact on the ecosystems, particularly
vegetation and soil. Therefore the particulate matter transference
modeling, herein developed, is an approach, which could
elucidate many implications such as the transference amounts
and pollutant impacts.

Additionally, as consequence, these results validate the
previous articles Gongalves et al. (2000, 2002, and 2007) and
Silva et al., (2008), where this conceptual model was based and
applied with more complex modelling, but without disdrometric
dataset support. All articles used B.V.2 model, which is based
on the modeling herein described.

As perspectives, we will attempt to analyze the
compounds inside the particulate matter and gases adding the
3-D modeling which includes the advection mass, in a numerical
model such as B-RAMS.
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