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Abstract

In order to investigate the scavenging property of airborne carbonaceous particles by precipitations,
rainwater, snow sample, and total suspended particulate matter (TSP) were collected at a heavily indus-
trialized urban site. Elemental carbon (EC) contents of both rainwater and snow water were deter-mined
using elemental analysis sysiem. EC concentrations in rain samples varied from 33.6 to 166.6 pg L™} with
an average 47.2 ug L™'. On the other hand, those of snow samples in three times snow events were ranged
from 122.4 to 293.3 ug L™". As might be expected, EC showed the significantly high scavenging rate at
the initial rainfall. The average total carbon (TC) scavenging rate by washout mechanisms was 57.6% for
five rainfall events. The scavenging rate of EC gradually increased in proportion to the increasing rainfall

intensity and rainfall amount.
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1. INTRODUCTION

The increasing demand for energy in the past
century has led to a great increase in the rate of
elemental carbon (EC or black carbon (BC): when
soot particles affect the solar radiation balance)
emissions. It is produced during the incomplete
combustion of various fuels, with the most impor-
tant sources being fossil fuel combustion and
biomass burning (Ghan and Penner, 1992; Turco et
al., 1983). EC is characterized by chemical inert-
ness, large surface area, and low density. Because of
its high optical absorption, an increase in BC may
affect the solar radiation balance, surface tempera-
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ture and visibility. Also EC has a strong ability to
absorb SO, gas, which can be catalytically conver-
ted to sulfate to enhance EC cloud condensation
activity. Although fresh soot is mostly hydrophobic,
aged EC-containing aerosols become more hydro-
scopic by surface reactions and mixing processes
(Weingarther er al., 1997; Chughtai et al., 1996).
This enables the transfer of EC into cloud droplets
via nucleation scavenging (Hitzenberger et al., 1999;
Hallett er al., 1989).

When aerosol particles are activated and form
cloud droplets, both the optically scattering and
absorbing properties of the cloud are influenced by
the aerosol. If BC is present in cloud droplets, the net
radiative effect of the cloud could change from nega-
tive to positive. In a recent report by Chylek et al.
(1996), EC concentration was ranged from 1.2 x 10~
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mgL™! to 8mgL ™" in cloud water. This nucleation
scavenging is one of the most important processes
governing the atmospheric lifetime of aerosol parti-
cles including EC. Aerosol nucleation properties,
i.e. the characteristic of particles to form water
droplets at atmospheric supersaturation levels, are
determined by the particle size, chemical compo-
sition, and surface characteristics (Winkler, 1988).
The nucleation properties of water-soluble aero-
sols, such as sulfates, are well documented. Howe-
ver much less is known about water vapor nuclea-
tion on carbonaceous particles. Once emitted into
the atmosphere, carbonaceous particles will undergo
several aging processes. The hygroscopicity of
aerosol particles has an important influence on their
residence time in the atmosphere as well as on their
optical properties. The absorption of solar radiation
by soot particles is increased if the particles are
incorporated into cloud droplets (Chylek and Marl-
ow, 1995). This process leads to a decrease of the
cloud albedo. In contrast, if soot particles act as
cloud condensation nuclei (CCN) (i.e. act as nuclei
for CCN) they can increase the cloud albedo by
changing the droplets size distribution towards
smaller droplets (Tomey et al., 1984). Soot particles
that are effective CCN will therefore have shorter
atmospheric lifetimes than those unaffected by nucl-
eation. Furthermore added to this CCN scavenging,
the large amount of soot particles suspended in the
air can be removed by precipitation scavenging
mechanisms.

As an obvious manifestation of the degree of
atmospheric pollution by soot particles, Malissa and
Pell (1989) report the “black snow” episode occur-
red in the Salzburg region of Austria. The black
coloration of the snow was caused by the presence
of soot particles. As the results of their experiment
about black snow, carbon concentration was found
to be 30% of solid fraction of the black snow. Also
they said that the carbon content of the black snow
was 1000 times higher than that of the “white snow”.

Till now, many studies on airborne EC concent-
ration have been carried out in urban and remote
areas (Hwang and Ma, 2003; Jennings ef al., 1997;
Kuhlbusch et al., 1996; Pinnick et al., 1993; Clarke,
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1989; Hansen et al., 1988; Andreae et al., 1984;
Wolff et al., 1981). However, there are limited data
available concerning the EC concentration in rain and
snow samples (Ducret and Cachier, 1992; Cachier
and Ducret, 1991; Warren and Clarke, 1990; Clarke
and Noone, 1985; Ogren and Charleson, 1984). One
of reasons for the scare data on carbonaceous parti-
cles in precipitation is probably due to specific pro-
blems of collection for carbonaceous material such as
bacterial contamination during and after sampling
and the sample treatments.

In this study, to determine the scavenging pro-
perty of atmospheric carbon by precipitation, EC
content of both rainwater and snow water as well as
TC concentration in ambient particles were deter-
mined.

2. MATERIAL AND METHODS

2.1 Sampling

Sampling was carried out on the roof of a five-
story building (15 m) of Konkuk University (37°
34'N; 126° 58’E) in Seoul. The surroundings of this
urban sampling site are residential and commercial
areas with some minor point sources such as textile
mill, electronic appliance shops, and print shops.
There are no nearby structures taller than sampling
site. Six~lane roads, with usually heavy traffic, are
located 0.1 km all around of the sampling site. Rain-
water was collected using a glass pluviometer (Tokyo
Co., 8065) consisted of reservoir basket, reservoir
bottle, and body. Prior to sampling, this pluviometer
was cleaned with 1, 1, 1-trichloroethane. Rainwater
samples were collected five times from the end of
March to the middle of June 1998. Also three snow-
fall samples were collected using a polycarbonate
collection plate in January 1998. Collected fresh
snow samples were melted at room temperature. To
hinder the growth of biogenic materials like bacteria,
algae, or fungi, every sample was refrigerated until
analysis.

In addition, to determine the scavenging rate of
TC by rainfall, TSP (=100 um) in the atmosphere
was sampled before and during five rain events. For
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Photo 1. A reservoir type pluviometer (Tokyo Co., 8065)

the sampling of TSP, a high volume air sampler
(Kimoto Co., 120F) was operated for 6 hours with
1.2 m® min~' flow rate. As the substrate filter, What-
man 8 X 10 in. quartz micro fiber filters were used.
Prior to sampling, to remove carbonaceous contami-
nates, quartz fiber filters were pretreated by heating
in an electric furnace at 800°C for 3 hours. And every
preheated quartz fiber filter was placed in clean
polyethylene bags. After sealing and wrapping with
aluminum foil, all bags were refrigerated until sampl-
ing.

2. 2 Pretreatments of rain and snow water

Figure 1 shows the pretreatment procedure of
liquid sample for the subsequent EC analysis. After
agitating, rainwater was passed through a nylon filter
(Gelman, Nylasorb) with 5 Lm pore size, to remove
impurities such as leaves, pollens, and insects. It is
widely known that carbonaceous aerosols mainly
reside in the submicron particle size range (Clarke et
al., 1987). Therefore, carbonaceous aerosols can be
passed through a nylon filter with 5 pm pore size.

A 47 mm diameter quartz fiber filter (Whatman)
heated at 800°C was used for the filtration of the pre
~filtrated rainwater. To remove OC fraction from

[ Sample collection by pluviometer '

l Record rainfall amount

) Agitating by ultra sonication (15 min) ‘]
F Pre-filtration with nylon filter (@ 5 um) :l

l Record sample volume

Cleaning of filtering vessel with 0.01 g L™
sodium lauryl sulfate and rinse with distilled water

l

T Filtering with quartz fiber filter (three times) ]

l

FDipping filter into 30% H,0, and 2M KOH 4 mL so]utionJ

l

‘_Keeping filter in dark room with room temperature for 20 h

l Oxidation of OC

| Heating in water bath —)

l Remove excess H,0,

Analysis of sample on gquartz fiber filter
by Elemental analyzer

Fig. 1. Pretreatment procedure for the determination of EC
in rain and snow waters.

the particles deposited on quartz fiber filter, the oxi-
dation method in a basic peroxide solution introdu-
ced by Smith et al. (1975) was applied. This direct
chemical oxidation method is a non~thermal, ambi-
ent pressure, and aqueous—based technology for the
oxidation destruction of the organic components.
Organic compounds in particles were mostly decom-
posed in the first 1-2 minutes, and extending reac-
tion time had little effect on further decomposition.
The oxidation rate of OC fraction in particles was to
be 99.93% (Smith et al., 1975). Whereas, the oxida-
tion method does not cause the removal of EC from
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particles. The melted snow water was handled in the
same manner as rainwater. After finishing the
pretreatment procedure of samples, 6 mm diameter
discs were punched out from several portions of
quartz fiber filters.

2. 3 Analysis

For the analysis of EC and TC, an elemental
analysis system (Fisons Co., EA1108) was employ-
ed in this work. A schematic diagram of elemental
analyzer is illustrated in Figure 2. This elemental
analysis system combined with a high degree of
analytical accuracy and a recovery rate of nearly
one hundred percent enables a speedy quantitative
analysis of C, H, N and S simultaneously from the
sample filter. Digested samples in the combustion
bath were detected by multiful detector which digi-
tizes the analogue amplification of the signal via a
voltage 1o frequency converter. At the start of the
analysis run, a standard test substance was analyzed
to provide data on the functioning of the elemental
analysis system, and to ensure the detector was
working properly. Calibration was performed by the
analysis of standard test substance. Standard devia-
tion was <0.1% abs. with 4-5 mg carbon test
substance. Recovery rate was >99.5% for standard
test substance. And then quartz fiber discs were fed
into the dynamic flash combustion chamber of
elemental analysis system to obtain the EC and TC

@ Sample injector

@ Combustion bath (1150°C)

® Furnace

@ Each detector

@® Voltage -to—frequency conductor

r.—;—H —{| so,
@ J
_

contents, respectively. The more detailed analytical
procedures and experimental set-ups at elemental
analysis system were described elsewhere (Ma et al.,
2001b).

3. RESULTS AND DISCUSSION

Quartz fiber filter was used as the filtration
substrate for the separation of retained particles
from rain and snow waters. However, it is a debata-
ble point that this quartz fiber filter can completely
sustain submicrometer particles. To determine the
sustainability of quartz fiber filter for submicro-
meter particles, the artificial carbon particles with
0.2 pm diameter were mixed with distilled water.
And then this water including carbon powder was
passed through a 47 mm diameter quartz fiber filter.
Sustainability was calculated by weighing the car-
bon powder which was mixed with distilled water
and that of deposited on quartz fiber filter after
filtration. Consequently, sustainability determined
from this method was found to be 95%. This effici-
ency of filtration was also tested in previous study
(Chylek et al., 1999). They reported that filtration
efficiency varied between 71% and 99% with an
average value of 88%.

It is also questionable point that the quartz micro
fiber filter, which was used as the substrate material

] H,0

CoO, AN

Fig. 2. A schematic diagram of elemental analyzer.
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of insoluble fraction in the procedure of liquid sam-
ple filtration, has the uniform mass thickness for
deposited particles. It is necessary to examine this
point because we analyzed only some parts of each
filter. To solve this problem we punched out 20 parts
from different portions of a quartz fiber filter, then
these discs were analyzed under the same analytical
conditions. As a result, we could not find any differ-
ence of concentration among discs punched out from
sample filter with the exception of the edge portion
of filter.

3.1 EC in rainwater

Table 1 shows the EC mass concentrations in
rainwater collected in five rainfall events. They
varied between 33.6 ugL ™! and 166.6 ug L™ with an
average 47.2 ugL™". These values are comparable to
those found in other urban areas. EC concentrations
in rainwater collected at an urban location of USA
(on the University of Washington campus in
Seattle) during the winter of 1980-1981 were
ranged from 30 ug L' to 400 ug L™' with a median
of 60 pg L™! (seven samples) (Ogren and Charlson,
1984). And the monthly samples collected at 12
rural sites from April to August, 1981 had a range
of 20 ug L' to 600 pg L™! with a median of 100 pg
L (58 samples) (Ogren and Charison, 1984). Other
references to EC in rain were summarized in Table
2. To investigate the variation of scavenging rate of
EC according to rainfall amount, rain samples were
collected during three continuous rainfall events
(Apr. 4-5, Apr. 12-13, and Jun. 13-14, 1998). The

scavenging rate of EC at the initial rainfall was
calculated by [EC concentration at initial rainfall/
(Sum of EC concentration at both initial and subse-
quent rainfalls) X 100]. As shown in Table 1, EC
show the significantly high concentrations at the
initial rainfall in the all sample. The scavenging rate
of EC at initial rainfall was found to be 68.3%,
56.5%, and 78.5% at three rainfall events, respecti-
vely. These scavenging rates can be comparable to
those in the study of Ma et al. (2002). They deter-
mined the elemental concentration in 0.35 mm
radius raindrops collected at the beginning and
subsequent rainfalls, and calculated an average 74%
scavenging rate (Elemental concentration in begin-
ning rainfall/The sum of elemental concentration in
beginning and subsequent rainfalls X 100) of eight
elements at the beginning rainfall.

3.2 EC in snow

The EC mass concentrations in snow samples
collected in three snow events were shown in Table
3. The EC mass concentrations in three times snow
events were 1224 ugL™!, 151.9 ug L™, and 293.3
ng L7, respectively. They show significant varia-
tion depending on snow events. We note that EC
concentration in snow sample is considerably higher
than that in rainwater. Recently, a similar result at
urban location was reported (Chylek et al., 1999).
Previously reported data (Mitra et al., 1990;
Murakami et al., 1981; Knutson ef al., 1975;) on the
aerosol scavenging by individual snow crystals or
flakes indicate that aerosol scavenging is primarily

Table 1. EC mass concentrations in rainwater collected in five rain events.

Rainfall amount Rain intensity

Sampling period

Total rainwater

Filtered rainwater EC concentration

(mm) (mmh™) (mL) (mL) (ngL™
Mar. 26, 1998 31 0.39 135 135 166.6
Apr. 1-2, 1998 31.8 1.35 801 801 336
200° 200° 98.6*

Apr. 4-5, 1998 19.1 1.17 3500 350 45.7°
200° 200" 57.6°

Apr. 12-13, 1998 27.4 1.31 5300 530b 44.4°
200 200° 98.2°

Jun. 13-14, 1998 237 0.99 SR0° S80° 26.9°

*Initial rainfall (2 mm rainfall amount from raining start); ® Subsequent rainfall
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Table 2. Reference data on EC concentrations in rainwater collected at different sites.

Number of samples

Concentration (ug L™") Reference

Urba Fif sur Yvette, France 54
1 Detroit, USA 40
Michigan, USA 25

Rural Sweden 5
Remote Mace Head, Ireland 23
Tropical Lamto, Ivory Coast 62
p Enyele, Congo forest 46

336 Ducret and cachier (1992)
160 Orgen and Charlson (1984)
72 Orgen and Charlson (1984)
100 Orgen and Charlson (1984)
27 Ducret and cachier (1992)
143 Ducret and cachier (1992)
73 Ducret and cachier (1992)

Table 3. EC concentration in snow water collected in
three snow events.

Samofing Snowfall  Torat  Filtered EC
d zﬁe ®  amount melted snow ?mm;? f) concentration
(cm) amount(mL) ' ML 01
snow (mL)
Jan. 4,1998 19 705 400 1224
Jan. 8,1998 3.8 750 370 151.9
Jan. 20,1998 3.8 710 350 2933

of the washout type and that snow scavenges aero-
sol much more efficiently than rain, when based on
equal weights of precipitation. Also Gray and Male
(1981) reported that because a snowflake falls at a
slower speed than a raindrop and sweeps out a lager
area, the snowflake will have had a greater exposure
to pollutants and therefore would be a better indi-
cator of their presence. In addition, one of the possi-
ble reasons for the overwhelmingly high EC con-
centration in snow water is that snow samples were
collected in wintertime. According to the study of
Hwang and Ma (2003), during the cold season the
airborne EC concentration in Seoul was increased
due to domestic and commercial heating. They
reported that the range of airborne EC concen-
trations in the wintertime was between 8.9 ug m™
and 11.3ugm™ in fine particles (=2.1 um). This
wintertime EC concentration was about two times
higher than other seasons.

3.3 TC scavenging by washout mechanisms

Rainout usually refers to in-cloud scavenging
and washout to below-cloud scavenging be falling
rain, snow, and so on. Three steps are necessary for
wet removal of atmospheric pollutants. Specifically,
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Table 4. Scavenging rate of TC by washout mechanism
of rainfall.

TC concentration

. . in air (ug m) Scavenging
Sampling period rate®
Before During
o P (%)
raining raining
Mar. 23-26, 1998 40.6 254 374
Mar. 28~Apr. 2, 1998 24.7 5.40 78.1
Apr. 3-5, 1998 34.7 13.4 61.3
Apr. 7-13, 1998 333 12.5 62.4
Jun. 8-14, 1998 30.8 15.7 48.9

c=(a-b)a?00

the species like gas and aerosol must first be brou-
ght into the presence of condensed water. Then, the
species must be scavenged by the hydrometeors,
and finally it needs to be deposited on the Earth’s
surface. To evaluate the scavenging rate of TC by
only washout mechanism of rainfall, TSP in the air
was sampled before and after five rainfall events
using a high volume air sampler. Table 4 shows the
TC concentrations both before and after five rainfall
events, and scavenging rate of TC by washout
mechanism was also listed. In here, we adopted two
assumptions that TC was continuously emitted with
the same concentration and the constant dry deposi-
tion rate was maintained for sampling duration. TC
scavenging rate by washout was ranged from 37.4%
to 78.1% with an average 57.5%. As might be
expected, the high TC scavenging rate by washout
mechanism was found. Generally carbonic aerosols
have no significant chemical sinks and accumulate
in the 0.1-1 pm size range. And they are assumed to
have a dry deposition of 0.1 cms™! but their predo-
minant sink mechanism is wet deposition (Harrison
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and Grieken, 1998). Mean residence time has been
estimated by Orgen and Charlson (1984) to be of the
order of 7 days, allowing for synoptic influence of
the particles. Residence time, however, is likely to
span over a vast range of values from a few days to a
month. Such variability is caused by different possi-
ble precipitation patterns in source regions but also
in height of injection. Another parameter to take into
account is the formation of a hydrophilic coating
which is likely to facilitate incorporation of particles
in cloud droplets.

3. 4 EC scavenging rate as the functions
of rainfall intensity and rainfall amoumnt

Figure 3 shows the relationships between the
scavenging rate of EC and rainfall intensity (I,) [a],
and between the scavenging rate of EC and rainfall
amount (A,) [b], respectively. As shown in the figu-
re, the scavenging rate of EC is gradually increasing
in proportion to the increasing of rainfall intensity
and rainfall amount. This variation of EC scaveng-
ing rate can be explained by the theory of Brownian
capture by raindrops. Generally, there are three
main processes contributing towards the scavenging
of uncharged aerosols by raindrops: [1] Brownian
motion, which dominates for aerosol radii less than
about 0.05 um, [2] inertial collection, which becomes
significant only for aerosols larger than a few
microns in size, and [3] phoretic forces which are
important for intermediate sizes. Pruppacher and
Klett (1997) introduced the half-life, T}, , of an
interstitial aerosol with respected to the convective
Brownian capture by raindrops as follow;

_ In(2) por®

#7135 Doof M

where, p is the density of water, o is the mean
radius of the raindrop, D is the diffusivity of EC in
air, @ is the liquid water content (LWC). The venti-
lation coefficient, f, is an empirical enhancement of
the particle flux due to the terminal velocity of rain-
drops.

According to this equation, Ty ; decrease with
increasing LWC. Also it can be said that smaller
raindrop should have higher EC scavenging rate

100
F[al R, (%)=35.521,4-20.61
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Fig. 3. Scavenging rate of EC according to rainfall inten-
sity (1,) [a] and rainfall amount (A,) [b], respectively.

than larger one. A similar scavenging rate for other
elements was found in a single raindrop study by
Ma et al. (2001a).

4. SUMMARY

In this study, the EC content in both rainwater
and snow water as well as the EC scavenging rate
by rainfall were determined. EC concentration in
rainwater varied between 33.6 ug L™" and 166.6 ug
L"!. While on the other, that in three snow samples
were ranged from 122.4 ug L™! to 293.3 pg L%
These values were compared to those found in other
urban areas. As might be expected, EC show the
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significantly high scavenging rate at the initial rain-
fall. The average TC scavenging rate by washout
mechanism was 57.6% for five rainfall events. Also
the increase of scavenging rate with increasing
rainfall amount and rainfall intensity was found.
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