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ABSTRACT

Precipitation scavenging of aerosol particles is an important removal process in the atmosphere that can change aerosol
physical and optical properties. This paper analyzes the changes in aerosol physical and optical properties before and after
four rain events using in situ observations of mass concentration, number concentration, particle size distribution, scattering
and absorption coefficients of aerosols in June and July 2013 at the Xianghe comprehensive atmospheric observation station
in China. The results show the effect of rain scavenging is related to the rain intensity and duration, the wind speed and
direction. During the rain events, the temporal variation of aerosol number concentration was consistent with the variation
in mass concentration, but their size-resolved scavenging ratios were different. After the rain events, the increase in aerosol
mass concentration began with an increase in particles with diameter <0.8 µm [measured using an aerodynamic particle sizer
(APS)], and fine particles with diameter <0.1 µm [measured using a scanning mobility particle sizer (SMPS)]. Rainfall was
most efficient at removing particles with diameter ∼0.6 µm and greater than 3.5 µm. The changes in peak values of the
particle number distribution (measured using the SMPS) before and after the rain events reflect the strong scavenging effect
on particles within the 100–120 nm size range. The variation patterns of aerosol scattering and absorption coefficients before
and after the rain events were similar, but their scavenging ratios differed, which may have been related to the aerosol particle
size distribution and chemical composition.
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1. Introduction
The study of aerosol optical properties, radiative forcing,

and climate effects is an acrive area of research in the atmo-
spheric sciences field (Kaufman et al., 2002; Xia et al., 2007a;
Pan et al., 2010) due to the critical roles aerosols play in re-
gional and global air quality and climatic changes (Charlson
et al., 1992; Ramanathan et al., 2001). Studies have shown
that aerosol climate effects are closely related to aerosol phys-
ical and optical properties (Menon et al., 2002; Xia et al.,
2007b). The particle number and/or mass concentration, par-
ticle size spectrum, scattering and absorption coefficients,
and other aerosol properties, are associated with a set of fac-
tors including temperature, humidity and emission sources,
as well as atmospheric chemical and physical processes (Be-
losi et al., 2012; Khoshsima et al., 2014). The study of wet
removal processes remains a crucial task for understanding
the fate of airborne particulate matter (Andronache, 2004).
Wet deposition is divided into in-cloud and below-cloud
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scavenging processes. Both of these important wet removal
processes should be included and accurately represented in
atmospheric chemical transport models, atmospheric general
circulation models, and mesoscale numerical models (Pinsky
et al., 2000; Croft et al., 2009; Wang et al., 2010). Recent
reports have shown that the parameterization of rain scaveng-
ing removal processes in current aerosol transport models is
a significant source of uncertainty (Rasch et al., 2000). These
uncertainties can cause large differences in predicted bulk and
size-resolved particle concentrations that are undergoing pre-
cipitation scavenging, and large discrepancies between the-
oretical and observed results. Rain scavenging of aerosols
can occur within and below a cloud. Scavenging processes
involve interactions between raindrops and snow and atmo-
spheric pollutants. Therefore, to fully understand the wet re-
moval process, a complete description of the meteorology,
coupled with gas and aerosol physics and chemistry, and a
description of the cloud microphysics and removal processes,
are needed (Jung et al., 2003). The collection of field data un-
der different rain conditions and other environmental condi-
tions is also needed (Wang et al., 2010).

Many studies have investigated scavenging mechanisms
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and the removal efficiency of precipitation on aerosols (An-
dronache, 2004; Jung et al., 2011). For wet removal by pre-
cipitation, atmospheric particles can come into cloud droplets
by the in-cloud nucleation scavenging process, or can be
collected by falling raindrops by the below-cloud scaveng-
ing process. It has been shown that nucleation scavenging
is a dominant process at the beginning of cloud formation
(Flossmann et al., 1987; Schumann, 1991), while below-
cloud scavenging dominates in stratiform precipitation events
in polluted urban areas (Gonçalves et al., 2007). Below-cloud
scavenging mechanisms include Brownian diffusion, direc-
tional interception, inertial impaction, thermophoresis, diffu-
siophoresis, electroscavenging, and electrical effects during
thunderstorm rain (Chate et al., 2011). Wang et al. (2010)
assessed the uncertainty of current size-resolved parame-
terizations for below-cloud particle scavenging by rain and
found that the total raindrop-particle collection efficiency
varies according to particle size because of the combined
action of different microphysical processes. The collection
efficiency is highest for ultrafine particles (with particle di-
ameter (dp < 0.01 µm) due to Brownian diffusion, and for
large particles (dp > 3 µm) due to inertial impaction. How-
ever, for particles in the diameter range of 0.01–3 µm, more
microphysical mechanisms are at play, e.g., Brownian dif-
fusion, interception, diffusiophoresis, thermophoresis, and
electric charges. Because of the complexity of scavenging
mechanisms, models have been developed to describe these
mechanisms. Loosmore and Cederwall (2004) modified the
standard below-cloud aerosol scavenging model—developed
for emergency release scenarios at the Department of En-
ergy’s National Atmospheric Release Advisory Center at the
Lawrence Livermore National Laboratory—to incorporate
the potentially larger scavenging in heavy rain (> 25 mm
h−1) events. Berthet et al. (2010) described a below-cloud
scavenging module of aerosol particles and demonstrated
selective wet removal of aerosol particles, which depends
on the mode radius, the width, and the vertical profile of
concentration.

Another study (Duhanyan and Roustan, 2011) showed
that the efficiency of below-cloud scavenging depends on the
type of rain, e.g., thunderstorm, widespread, showers. The
scavenging coefficient increases linearly with rainfall inten-
sity (Mircea et al., 2000; Chate et al., 2007). Under different
rain intensities (1 mm h−1, 10 mm h−1 and 100 mm h−1), pre-
cipitation scavenges large aerosols (> 2 µm) more effectively
than small aerosols (< 0.01 µm) and intermediate aerosols
(> 0.01 µm and < 2 µm) (Zhao and Zheng, 2006). Consid-
ering the duration of the rain, short periods of high intensity
rain can effectively remove relatively coarse mode particles,
while low intensity rain that can last for a couple of hours
to days is responsible for the removal of relatively fine-mode
particles by the below-cloud scavenging process (Kulshrestha
et al., 2009). In terms of equal mass of precipitation, snow is
more efficient at scavenging atmospheric particles than rain
(Santachiara et al., 2013).

The physical and chemical properties of atmospheric pol-
lutants, such as the particle size distribution, particle number

concentration, hygroscopicity, solubility, condensation, and
adsorption, also influence the cleansing effect of precipita-
tion (Li et al., 1985). Chate et al. (2003) studied the removal
effect of below-cloud scavenging by rain on aerosol particles
and their chemical components and found that scavenging co-
efficients are highly dependent on relative humidity for hy-
groscopic particles with diameter less than 5 µm. Gonçalves
et al. (2002) compared three chemical species found in rain-
water in urban and rural areas (SO2−

4 , NO−3 and NH+
4 ) and

found that the scavenging effect of rain on each aerosol par-
ticle chemical component is different. The relative effect of
rainfall washout on air pollutant concentrations is estimated
to be SO2 > NO2 > CO > O3, from a correlation analysis be-
tween the hourly observations of pollutants and rainfall in-
tensity at the surface (Yoo et al., 2014). Mircea et al. (2000)
found that estimated values of polydisperse scavenging co-
efficients show variations of orders of magnitude depend-
ing on the aerosol type and almost no variation with rain-
drop size distributions, and derived the linear relationships
between the scavenging coefficients and rain intensity for
different aerosol types. Zheng et al. (2013) found that the
wet deposition of precipitation significantly reduces aerosol
particles in the metropolitan area of Guangzhou, leading to
a dramatic decrease in the aerosol scattering coefficient af-
ter the activity of the summer South China Sea monsoon
peaks.

The above studies have investigated the effects of precip-
itation scavenging on aerosol optical, physical, and chemi-
cal properties. However, such studies are limited by issues
such as limited observations (Qiu et al., 2003), uncertain-
ties in observed data, and shortcomings in the theoretical ap-
proach taken (Chate, 2005). The specific mechanisms and im-
pacts of wet scavenging on aerosols are still not fully under-
stood. More theoretical and field studies are needed to bet-
ter understand particle removal mechanisms. In this context,
the present study investigates the changes in aerosol physi-
cal and optical properties before and after rain events using
in situ observations made during four rain events in the sum-
mer of 2013 at the Xianghe comprehensive atmospheric ob-
servation station in China. The goal is to gain insight into
the particle wet scavenging mechanism and the impacts of
precipitation scavenging on aerosols. Section 2 describes the
observation site and instruments used to collect data. The
effects of rain on aerosol mass concentration and variations
in particle size distribution, and scattering and absorption
coefficients, before and after rainfall, are presented in sec-
tion 3. A discussion is given in section 4 and conclusions in
section 5.

2. Observations and instruments
2.1. Observation site and data

The Xianghe observation site (39.75◦N, 116.96◦E) is lo-
cated in a mainly plain-like area 70 km southeast of Beijing.
It is a comprehensive atmospheric and environmental obser-
vation station under the direction of the Institute of Atmo-
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spheric Physics, Chinese Academy of Sciences. The site is
surrounded by agricultural land and densely populated resi-
dences with low buildings. No large factories are located in
the area. The climate is a north temperate continental mon-
soon climate. Summer is the main rainy season, when the
surface is covered with green vegetation. Winter and early
spring are cold and dry with barren ground. Measurements
used in the study were made from 1 June to 5 July 2013.

An aerodynamic particle sizer (APS) spectrometer
(model 3321, TSI Inc., Shoreview, Minnesota, USA) was
used to measure particle size distributions from 0.5 µm to
20 µm. The aerodynamic size of a particle is determined by
the time of flight between the instrument’s two laser beams.
Time-of-flight is recorded and converted to aerodynamic di-
ameter using a calibration curve. Aerosol number concen-
tration is measured in 52 size bins and a complete particle
size distribution may be determined in seconds or minutes.
Other aerosol properties, such as particle mass concentration
and volume concentration, can be calculated from these data.
A scanning mobility particle sizer (SMPS, model 3034, TSI
Inc., Shoreview, Minnesota, USA) was used to measure parti-
cle size distributions in the range of 10–487 nm by separating
particles based on their electromobility. Particle number con-
centration is measured in 54 size bins and particle mass con-
centration, volume concentration, and surface area can be cal-
culated from these measurements. The sampling rate for both
instruments was five minutes. An integrating nephelometer
(model 3563, TSI Inc., Shoreview, Minnesota, USA) was
used to measure the scattering and backscattering coefficients
of aerosol particles at 450, 500 and 700 nm with a sampling
interval of five minutes. A particle soot absorption photome-
ter (model 3λ, Radance Research Inc., Seattle, Washington,
USA) was used to measure the absorption coefficient of par-
ticles at 470, 522 and 660 nm with a sampling interval of one
minute. These instruments were set up in a large container
placed on the ground. Environmental sampling systems were
set up on the top of the container (2.5 m above the ground).
All measurements have undergone strict quality control. Pre-
cipitation, wind speed, and other meteorological data were
collected from the automatic weather station installed at
the Xianghe site. The details of the four rain events during
the observation period analyzed in this paper are given in
Table 1.

2.2. Scavenging ratio
The rainfall scavenging ratio (SR) in percentage units is

defined as:

SR =

(
1− xa

x0

)
×100 ,

where xa is the average value of a given variable, such as mass
concentration, number concentration or scattering or absorp-
tion coefficient, during the hour after precipitation ends; and
x0 is the average value of a given variable during the hour
before precipitation starts. The scavenging ratio is used to
represent by how much rainfall removal affects the physical
and optical properties of aerosol particles.
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3. Results and discussion
3.1. Effects of rain on aerosol mass concentration

Figure 1 shows time series of total mass concentration
(0.5–20 µm) measured by the APS, along with the rainfall
amount, during the four rain events. The mass concentrations
first increased as rain began, which was possibly related to
the hygroscopic properties of aerosol particles and the evapo-
ration of falling droplets (Zhang et al., 2004), then decreased,
during the rain events on three dates (16–17 June, 22 June,
and 1–2 July). The rainfall intensity was smallest during the
16–17 June rain event, with a total rainfall amount of 1.3 mm.
On that day, rain started at 1340 LST (local standard time).
The aerosol mass concentration increased and reached a peak
of 208.6 µg m−3 four hours later, but quickly decreased to

143.4 µg m−3 at 1840 LST, and then slowly increased to a
secondary peak of 176.1 µg m−3 six hours later (Fig. 1b and
Table 1). The mass concentration increased at the beginning
of the rain event on 22 June, and reached a peak of 143.6 µg
m−3 at 0945 LST. With the rain continuing and the rain inten-
sity increasing to 0.2 mm (10 min)−1, the mass concentration
quickly decreased to 17 µg m−3 (Fig. 1c). There was a gap
in mass concentration observations (1640–2200 LST) during
the 1–2 July rain event because of instrument failure, but it is
clear that the aerosol mass concentration first increased from
154.4 µg m−3 to 377.1 µg m−3 during 1610–2300 LST 1 July
(Fig. 1d), then decreased as rain continued. The mass con-
centration dramatically decreased to 107.1 µg m−3 after an
intense shower at around 0110 LST 2 July. During the two
to three days after the rain event, the total mass concentra-

Fig. 1. Time series of aerosol total mass concentration (solid lines) and precipitation (grey shaded areas) on (a)
9–10 June, (b) 16–17 June, (c) 22 June, and (d) 1–2 July.
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tion remained constant at ∼10 µg m−3. The rain intensity at
the beginning of the 9–10 June rainfall event was 0.3 mm (10
min)−1, flushing aerosols out of the atmosphere. Two hours
later, the aerosol mass concentrations decreased from 171 µg
m−3 to ∼10 µg m−3 (Fig. 1a).

Of the four rainfall events, the rain events that took place
on 9–10 June and 1–2 July were the most intense, with the
highest total amounts of rain. Total mass concentrations be-
fore and after the 9–10 June and 1–2 July rain events dropped
from 173.1 µg m−3 and 124.9 µg m−3, respectively, to 11.8
µg m−3 and 17.0 µg m−3, respectively (Figs. 1a and d; Ta-
ble 1). Total mass concentrations before and after the 16–17
June and 22 June rain events dropped from 128.4 µg m−3 and
57.6 µg m−3, respectively, to 38.7 µg m−3 and 34.0 µg m−3,
respectively (Figs. 1b and c; Table 1). Rain scavenging ratios
for the aerosol mass concentrations during the 9–10 June, 1–2
July, 16–17 June and 22 June rain events were 93.2%, 86.4%,
69.9% and 41.0%, respectively. The aerosol number concen-
trations changed during the rainfall events in a similar way as
the mass concentrations, but their size-resolved scavenging
ratios were different.

The changes in mass concentration during the rain event
on 10 June were different from those on 2 July, even though
both featured high rainfall intensity [> 0.2 mm (10 min)−1] at
their beginnings. The particle mass concentration decreased
sharply two hours later, after the onset of rain, on 9 June. In
contrast, there was an increase in particle mass concentration
at the beginning of the rain event on 1 July. The wind direc-
tion was mostly north-northwest (NNW) throughout the rain
event on 9–10 June, and the averaged wind speed was 2 m
s−1. The colder air mass coming from a cleaner region could
have been helpful in combatting the pollution through dilu-
tion, causing a rapid decrease in particle mass concentration.
The prevailing wind was generally east-northeast (ENE) on 1
July, and the averaged wind speed was 1.5 m s−1. In this case,
ENE air flow was not favorable for the removal of the pol-
lution, resulting in a much slower decrease in particle mass
concentration on 1 July. As rain continued to fall, the rain
intensity increased to 5 mm (10 min)−1 at 0110 LST 2 July,
and the wind direction changed from ENE to NNW. The par-
ticle mass concentrations dramatically decreased from 377.1
µg m−3 to 27.2 µg m−3 after the rain stopped. The precipita-
tion on 2 July stopped at 0250 LST, and there were no emis-
sions associated with traffic and no obvious changes in an-
thropogenic aerosol sources during this period. In addition,
the prevailing winds after the rain stopped on 2 July were
generally from the NNW, which was conducive to the main-
tenance of clean air for a longer time (Fig. 1d).

Although the rainfall intensity during the 22 June rain
event was stronger than that of the 16–17 June rain event,
the removal of aerosols was weaker, due partly to the lighter
wind and its direction during the rain. Winds near the ground
may have caused turbulent flow fluctuations, and these may in
turn have increased the relative motion between particles and
smaller collector droplets, thereby enhancing the collection
efficiency (Khain and Pinsky, 1997). Winds from the north
(N), northeast (NE) and ENE prevailed during the 22 June

rain event, while NE and NNW winds dominated during the
16–17 June rain event. All of this evidence suggests that the
synoptic pattern during the 16–17 June event was more favor-
able for the dispersal of pollution, causing a higher scaveng-
ing ratio on that day.

The results suggest that the impact of precipitation on par-
ticle concentrations is associated with wind speed as well as
the advection of air from different source regions.

3.2. Variations in particle size distributions before and af-
ter rainfall

Figures 2 and 3 show the time series of particle number
size distributions measured by the APS (for particles ranging
in size from 0.5–20 µm) and the SMPS (for particles ranging
in size from 10–487 nm), respectively, during the six hours
before and after each of the four rainfall events. For the 9–10
June event, the number concentration of particles measured
by the APS decreased dramatically during the two hours after
rain began. Eleven hours after the onset of rain, the number
concentration for particles with diameter < 0.8 µm began to
increase (Fig. 2a). The number concentration of fine particles
ranging in size from 20 to 50 nm increased greatly two hours
after rain began, indicating new particle formation (Fig. 3a),
then decreased in magnitude. Ten hours later (∼2000 LST),
the number concentration of particles with diameter < 200 nm
increased, especially particles with diameter ranging from 30
to 90 nm. One hour after rainfall ended, the number concen-
trations of APS-measured particles with diameters from 0.5
to 0.8 µm, and SMPS-measured particles with diameter from
50 to 100 nm, began to increase.

The number concentration of particles with diameters
< 0.8 µm increased significantly during the first 13 hours af-
ter rain began on 16 June (Fig. 2b), then decreased gradually
and remained constant for the next four hours. This was gen-
erally consistent with the changes in mass concentration seen
during that rain event. For fine particles (Fig. 3b), the num-
ber concentration of particles with diameters around 100 nm
decreased by 60% during the first hour after the start of rain.
This low level of number concentration remained constant
during the rest of the rain event. The number concentration
of particles with diameters ranging from 50 to 100 nm slowly
increased after the end of the rain event. During the rain
event on 22 June, the number concentration of particles with
diameters < 1.1 µm increased dramatically after the onset of
rain, especially particles with diameters < 0.8 µm (Fig. 2c).
Five hours after the onset of rain, the number concentration
of all particles began to decrease, and remained at low levels
until the end of the rain event. The number concentration of
fine particles decreased gradually during the rain event (Fig.
3c). One hour after rain ended, the number concentration
of particles with diameters ranging from 50 to 100 nm be-
gan to increase. During the 1–2 July rain event, the number
concentration of particles with diameters < 2 µm (measured
by APS) increased after rain began. Low number concentra-
tions were seen two hours before the rain event ended (Fig.
2d). The five-hour gap in data occurred because of instru-
ment failure. The number concentration of fine particles with
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Fig. 2. Time series of aerosol particle number size distribution
measured by the APS on (a) 9–10 June, (b) 16–17 June, (c) 22
June, and (d) 1–2 July. The vertical dashed lines indicate the
beginning and end of the rain event.

diameters < 300 nm (measured by SMPS) began to decrease
after rain started, especially particles with diameter ranging
from 60 to 200 nm (Fig. 3d). At the end of the rain event,
number concentrations were very low. The number concen-
tration of particles with diameters < 100 nm started to grad-
ually increase three hours after rain ended. New fine particle
formation in the 10–30 nm size range was seen 5–6 hours
after the rain event was over (Fig. 3d).

In summary, the temporal variations of aerosol num-
ber and mass concentration during the four rain events were

Fig. 3. As in Fig. 2, but for SMPS measurements.

consistent. At the beginning of a rain event, the increase in
aerosol mass concentration was mainly caused by the in-
crease in particles with diameters < 0.8 µm, measured by the
APS, which was possibly related to the hygroscopic growth
of aerosol particles, the evaporation of falling droplets, and
the wind speed, as well as the advection of air masses
from different source regions. The number concentration of
fine particles with diameters < 500 nm—measured by the
SMPS—generally decreased as rain continued to fall. The
increase in mass concentration after rain ended was mainly
caused by the increase in particles with diameters < 0.8 µm,
which was mainly related to anthropogenic aerosol emis-
sions. The precipitation on 10 June, 17 June and 22 June
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stopped at 0700 LST, 0640 LST and 1810 LST, respectively.
Those periods overlapped with the morning rush hour or
evening rush hour. While the precipitation on 2 July stopped
at 0250 LST, there were no emissions associated with traf-
fic and no obvious changes in anthropogenic aerosol sources
during this period. New particles with sizes of < 50 nm ap-
peared several hours after the end of a rainfall event.

According to Fig. 4, the greatest change in the aerosol
number concentration size distribution was caused by the rain
event on 9–10 June. The total aerosol mass concentration de-
creased by 93.2% during this rain event (Table 1). The num-

ber concentration of particles with diameters > 0.63 µm de-
creased by over 85%. The largest decreases were seen in the
0.835–1.382 µm and > 6.732 µm size categories. The scav-
enging ratio of coarse-mode particles with diameters > 3.5
µm was over 82%, so they were effectively removed from the
atmosphere during this rain event.

There was less change in the mean particle number con-
centration measured by the APS one hour before and after
the rain events (Fig. 4c). The size-resolved scavenging ratios
of the rain event on 22 June—measured by the APS—were
between 19.2% and 67.6% (Fig. 5), and the scavenging ra-

Fig. 4. Mean aerosol number concentration as a function of particle size measured by the APS
during the one-hour period before (purple dotted lines) and after (red triangle-marked lines) the
rain events on (a) 9–10 June, (b) 16–17 June, (c) 22 June and (d) 1–2 July.
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tio of the total mass concentration was the smallest among
these four rain events (Table 1). The change in the particle
number concentration before and after the rain event on 16–
17 June was more obvious than that of the rain event on 22
June (Fig. 4b). Larger change could be seen for the particles
with diameters between 0.5 and 1.6 µm, and those with di-
ameters larger than 3.0 µm, during the 1–2 July rain event
(Fig. 4d). The size-resolved scavenging ratios of the parti-
cles with diameters between 0.5 and 1.6 µm were 63%–94%,
and the size-resolved scavenging ratios of the particles with
diameters larger than 3.0 µm were 70%–100% (Fig. 5).

Figure 5 denotes the size-resolved wet scavenging ratio
observed by the APS. The scavenging ratio of the particles
with diameters > 3 µm was higher than that of fine parti-
cles, agreeing well with scavenging coefficients from theoret-
ical parameterizations (Wang et al., 2010). For the particles
with diameters < 3 µm, the scavenging ratio changed dramat-
ically with different precipitation processes, suggesting the
changes in the particle concentration not only depended on
the raindrop-particle collection efficiency, but also on other
factors, such as the air mass source and local emissions dur-
ing the field observation. This is different to laboratory ob-
servations and theoretical modeling results (Jung et al., 2011;
Zhang et al., 2012).

Figure 6 shows that number concentrations of fine aerosol
particles with diameters ranging from 10 to 487 nm, mea-
sured by the SMPS after the rain events, were lower than
those before the rain events, demonstrating the scavenging ef-
fect of rainfall on aerosols. The number concentration peak in
particle size distribution was in the 100–120 nm range before
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Fig. 5. Scavenging ratio (SR, %) as a function of particle diam-
eter, for the four rain events.

rain started. This peak shifted toward smaller particle sizes
(40–70 nm) after rain ended on 16–17 June, 22 June and 1–2
July (Figs. 6b–d). During the 9–10 June rain event, the peak
number concentration did not shift to smaller particles size,
and the bulk of the fine-sized particles were removed from
the atmosphere (Fig. 6a). For the rain events on 16–17 June
and 22 June, the number concentration of particles in the 10–
40 nm size range after rain ended was greater than before rain
started. Examining the wind directions and relative humidity
during these four rainfall events, it is clear that the particles
with diameters < 40 nm could have been slightly removed
only when N wind dominated during a large-scale precipi-
tation process, and without local emissions (Fig. 6d). This
indicates that the impact of precipitation on particles with di-
ameters < 40 nm was also associated with the advection of
air and local emissions, besides the rain intensity and rainfall
duration. These effects contribute to discrepancies between
field observations and theoretical modeling results (Berthet
et al., 2010).

3.3. Variations in aerosol scattering coefficient before and
after rainfall

Aerosol scattering coefficients varied in a manner similar
to the mass and number concentrations. The average scat-
tering coefficients at blue, green and red wavelengths about
one hour before rain started on 9 June (Fig. 7a) were 775.8,
611.5, and 467.3 Mm−1, respectively. Six hours into the
rain event, average scattering coefficients at blue, green and
red wavelengths dropped to 18.5, 12.1 and 7.7 Mm−1, re-
spectively. The average scattering coefficients at blue, green
and red wavelengths gradually increased during the hour af-
ter rain stopped, reaching values of 140.7, 94.9 and 61.6
Mm−1, respectively. The scavenging ratios were 82%, 84%
and 87%, respectively, for the three bands (Table 2), which
was less than the scavenging ratio of aerosol mass concentra-
tion (93.2%).

The average scattering coefficients at blue, green and red
wavelengths one hour before the onset of rain on 16 June
(Fig. 7b) were 946.6, 694.2 and 490.1 Mm−1, respectively.
These values increased slightly during the first 10 hours after
rain started, then decreased to 328.4, 248 and 180.1 Mm−1,
respectively, and remained at that level during the follow-
ing three hours. After rain ended, the scattering coefficients
continued to drop to their lowest levels. The mean scat-
tering coefficients at blue, green and red wavelengths were
341.3, 254.8 and 182.9 Mm−1, respectively, one hour after
rain ended. The scavenging ratios were 64%, 64% and 63%
for the three bands (Table 2), which were less than the scav-
enging ratio of aerosol mass concentration (69.9%). This
suggests that this rain event had a larger impact on the magni-
tude of aerosol mass concentration than on aerosol scattering
coefficients. As shown in Table 1, the ratio of PM2.5 to total
mass concentration increased from 0.85 to 0.91 after the rain
event, suggesting the scavenging ratio of coarse particles was
higher than that of fine particles. In addition, fine-mode par-
ticles have a stronger effect on light extinction and scattering,
resulting in a stronger impact of precipitation on the mass
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Fig. 6. Mean aerosol number concentration as a function of particle size, measured by the
SMPS, during the one-hour period before (purple dotted lines) and after (red triangle-marked
lines) the rain events on (a) 9–10 June, (b) 16–17 June, (c) 22 June and (d) 1–2 July.

concentration compared to that on the scattering coefficient.
The scattering coefficients increased during the four hours

before rain started on 22 June and continued to increase until
about three hours after rain started (Fig. 7c). This was con-
sistent with the trend in the number concentration of particles
< 0.8 µm before the rain event started and during the rain
event (Fig. 2c). The scattering coefficients at blue, green and
red wavelengths began to decrease around nine hours after
rain started until reaching their lowest values of 183.4, 125.2
and 80.51 Mm−1, respectively. After rain ended, the scat-
tering coefficients began to increase in the same manner as
the mass concentration. The average scattering coefficients at
blue, green and red wavelengths one hour before the onset of

rain were 777.3, 568.9 and 393.8 Mm−1, respectively. They
dropped to 302.0, 210.2 and 138.5 Mm−1 one hour after rain
ended, with scavenging ratios of 61%, 63% and 65%, respec-
tively (Table 2). These values were larger than the scavenging
ratio of the mass concentration.

The scattering coefficients at blue, green and red wave-
lengths one hour before rain started on 1 July were 1023.4,
819.3 and 637.7 Mm−1, respectively (Fig. 7d). After rain be-
gan, there was a long intermission (> 3 hours) near midnight.
During this period, there was no precipitation, and dimin-
ished anthropogenic activities caused a gradual decrease in
scattering coefficients. As the rain started again and contin-
ued, the magnitudes of these scattering coefficients decreased



940 OBSERVED CHANGES IN AEROSOL BEFORE AND AFTER RAIN VOLUME 33

Fig. 7. Time series of aerosol scattering coefficients for the rain events on (a) 9–10 June, (b) 16–17 June, (c) 22
June and (d) 1–2 July. The colored lines represent the wavelength band.

Table 2. Statistics summarizing average aerosol scattering coefficient properties before and after rainfall.

Rain date and time
Wavelength

bands

Mean value during the
hour before rain

(Mm−1)

Maximum
during rain

(Mm−1)

Minimum
during rain

(Mm−1)

Mean value during the
hour after rain

(Mm−1) SR (%)

0810 LST 9 June to 0700
LST 10 June

Blue 775.8 799 18.5 140.7 82
Green 611.5 624.2 12.1 94.9 84
Red 467.3 475 7.7 61.6 87

1340 LST 16 June to 0640
LST 17 June

Blue 946.6 1554 328.4 341.3 64
Green 694.26 1132 248 254.8 64
Red 490.16 786.4 180.1 182.9 63

0620 LST 22 June to 1810
LST 22 June

Blue 777.3 1065 183.4 302.0 61
Green 568.9 799.7 125.2 210.2 63
Red 393.8 566.8 80.5 138.5 65

1620 LST 1 July to 0250
LST 2 July

Blue 1023.48 1176 46.2 33.0 97
Green 819.38 955 33.5 23.4 97
Red 637.78 758.4 23.0 16.2 97
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and reached low values of 46.21, 33.46 and 22.99 Mm−1, re-
spectively. One hour after the end of the rain event, the aver-
age scattering coefficients at blue, green and red wavelengths
were still low (33.0, 23.4 and 16.2 Mm−1, respectively). The
scavenging ratios at all wavelengths were the same (∼97%),
and greater than the scavenging ratio of the mass concentra-
tion (86.4%).

Studies have shown that aerosol particles with diame-
ters in the visible wavelength range (0.4–0.7 µm) have the
strongest effect on light extinction, and aerosol particles with
diameters ranging from 0.1 to 1.0 µm (the accumulation
mode) have the largest effect on atmospheric visibility (Yin
et al., 2010). From Figs. 4 and 6, the number concentra-
tion changed the most at 0.6–0.8 µm and at 100–120 nm, so
the impact on scattering coefficients was the greatest across
these particle size ranges too. When rain begins, these small
aerosol (< 1.0 µm) particles undergo hygroscopic growth
with increasing humidity, which enhances their scattering
properties (Jiang et al., 2013; Zheng et al., 2013). Therefore,
trends in the variation of scattering coefficients are consistent
with number and mass concentrations. As rain continues to
fall, the number of aerosol particles significantly decreases
through the wet scavenging effect of rain, resulting in a de-
crease in aerosol scattering coefficient.

Since the scavenging ratios varied with particle size, the
changes in scattering coefficient and mass concentration ob-
served before and after the rain processes should also be dif-
ferent. The changes in scattering coefficient were highly de-
pendent on the scavenging ratio of particles with diameters
< 0.8 µm. During the rain event on 17 June, the scavenging
ratio of particles with diameters > 0.8 µm, and with diame-
ters > 3.0 µm, exceeded 70% and 80%, respectively. How-

ever, the scavenging ratios of particles with diameters < 0.8
µm were 51%–69%. The scavenging ratio of coarse parti-
cles was much higher than that of fine particles in this event.
As a result, the impact of the precipitation on the mass con-
centration was stronger compared to that on the scattering
coefficient. Another notable rain event was on 22 June. The
scavenging ratio of particles with diameters from 0.5 to 0.6
µm was the highest and the magnitude was between 60% and
68%, while the scavenging ratio of particles with diameters
> 0.8 µm was between 33% and 60%. The scavenging ratio
of fine particles, which are closely related to the scattering
coefficient, was much higher than that of coarse particles in
this event. As a result, the impact of the precipitation on the
mass concentration was weaker compared to the scattering
coefficient.

3.4. Variations in aerosol absorption coefficient before
and after rainfall

Aerosol absorption coefficients were measured during the
16–17 June and 22 June rain events only because of instru-
ment failure on the other days. The average absorption coef-
ficients at blue, green and red wavelengths one hour before
rain started on 16 June (Fig. 8a) were 187.8, 166.3 and 137.9
Mm−1, respectively. The absorption coefficients decreased as
the rain event progressed. The average absorption coefficients
at blue, green and red wavelengths one hour after rain ended
were 71.5, 64.1 and 55.0 Mm−1, respectively. The scaveng-
ing ratios at the three wavelengths were 62%, 61% and 60%,
respectively. These values were slightly lower than the scav-
enging ratios for the scattering coefficients.

For the rain event on 22 June (Fig. 8b), the average ab-
sorption coefficients at blue, green and red wavelengths one

Fig. 8. Time series of aerosol absorption coefficients for the rain events on (a) 16–17 June and (b) 22 June. The
colored lines represent the wavelength band.
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Fig. 9. Spatial distributions of 24-h (0800–0800 LST) total rainfall amounts (units: mm) on (a) 9–10 June, (b)
16–17 June, (c) 22 June and (d) 1–2 July. The red dot indicates the location of Xianghe. The Yellow River is
shown as a blue line.

hour before the onset of rain were 95.8, 85.5 and 72.6 Mm−1,
respectively. These values decreased to 76.2, 67.2 and 55.1
Mm−1 during the middle of the rain event and dropped to
44.3, 39.0 and 31.2 Mm−1 one hour after the end of the rain
event. The scavenging ratios at the three wavelengths were
54%, 54% and 57%, respectively. These values were lower
than the scavenging ratios for the scattering coefficient. This
suggests that the impact of rainfall on scattering coefficients
is greater than that on absorption coefficients, which would
be related to the relative size of the absorbing aerosols.

The 0.532 µm single scattering albedo was 0.81 and 0.80
(0.87 and 0.84) before and after the 16–17 June (22 June) rain
event, respectively. The decrease in single scattering albedo
after rain ended suggests an increase in absorbing aerosols
and a change in aerosol optical properties. However, the
aerosol absorption coefficient is affected by aerosol chemi-
cal composition, particle constitution and spatiotemporal dis-
tribution. It is thus challenging to determine which process
plays the dominant role in causing changes in the aerosol ab-
sorption coefficient before and after rain (Yang et al., 2001).

4. Discussion

The impact of rain scavenging on the physical and opti-
cal properties of aerosols is a complex process. Variations in
aerosols are not only related to local sources, but are also
affected by transport from neighboring regions. The wet

scavenging effect on aerosols is not only associated with the
local rainfall intensity, duration, and precipitation type, but
also with precipitation coverage. The 24-hour total rainfall
amounts for the four rain events are shown in Fig. 9. The rain
events during 9–10 June and 1–2 July had not only stronger
intensities and total rainfall amounts, but they also covered a
much wider area than the other two events. This led to near-
complete removal of aerosols over the observation sites. This
suggests long-duration and large-scale precipitation have a
much stronger impact on the physical and optical properties
of aerosols. The impact of rain on the scattering coefficients
during the 16–17 June and 22 June rain events was greater
than that on the absorption coefficients, which might have
been due to the differences in aerosol chemical composition
and particle size distribution (Chate et al., 2003; Hu et al.,
2005).

Studies have shown that size-resolved precipitation scav-
enging parameterizations have large uncertainties (Rasch et
al., 2000; Textor et al., 2006). Wang et al. (2010) found that
the discrepancies between field-observed and theoretically
predicted scavenging coefficient values were more than one
order of magnitude for particles in the 0.1–3 µm diameter
range. These large discrepancies are likely caused by addi-
tional known physical processes (i.e., turbulent transport and
mixing advection, cloud and aerosol microphysics) that in-
fluence field data, but may not be included in current below-
cloud scavenging parameterizations. Turbulence and vertical
diffusion should have a larger impact on the raindrop scav-
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enging of small particles compared with that of large particles
(Khain and Pinsky, 1997). This also explains why theoretical
scavenging coefficient values for particles > 3 µm in diame-
ter agree well with most field measurements, but are as much
as one to two orders of magnitude smaller for particles < 3
µm when compared to field measurements. Sparmacher et al.
(1993) reported an exception to this based upon a controlled
experiment. However, in the case of very intense rainfall or
cases of long-lasting rain with low or moderate intensities,
the below-cloud scavenging of particles in the 0.01–3 µm di-
ameter range can become important.

5. Summary and conclusions
(1) At the beginning of the rainfall events examined in

this study, aerosol mass concentration first increased, then
decreased as the rain events progressed. The rain scaveng-
ing effect was related to the rainfall intensity, duration, areal
coverage, and wind speed or turbulence, as well as the advec-
tion of air from different source regions.

(2) During the rain events, the temporal variation of
aerosol number concentration was consistent with the vari-
ation in mass concentration, but their size-resolved scaveng-
ing ratios were different. Before a rain event began, the in-
crease in aerosol mass concentration was mainly caused by
the increase in particles with diameters < 0.8 µm. After the
rain event ended, the aerosol number concentration began
to increase as the number of small particles with diameters
< 0.8 µm (measured by APS) and fine particles with diame-
ters < 100 nm (measured by the SMPS) increased. This was
mainly caused by human activities or local emissions sources.
New fine particles in the 10–30 nm size range could begin to
form 5–6 hours after a rain event ended.

(3) Changes in aerosol number concentration occurred
for particles with diameters around 0.6 µm (mainly urban
aerosols) and > 3.5 µm (measured by APS) before and af-
ter rainfall, indicating that rainfall was most effective at re-
moving particles of these sizes. Changes in the number size
distribution measured by the SMPS before and after rain re-
flected the efficient rain removal scavenging effects on parti-
cles within the 100–120 nm size range. The impact of pre-
cipitation on particles with diameters smaller than 40 nm was
different from the particles within the 100–120 nm size range.
There represents a discrepancy between field observations
and theoretical modeling results for the scavenging effect of
particles with diameters < 3 µm.

(4) The scattering coefficient and absorption coefficient
were reduced by more than 61% and 54% after the rain, re-
spectively. When the mass concentration reduced by more
than 85%, the scavenging ratio of the scattering coefficient
exceeded 80% simultaneously, because of the significant de-
crease in fine-mode particles, which are closely related to
the scattering coefficient. However, for some rain events,
the reduction in the magnitude of scattering coefficients was
greater than that of mass concentration; while for other rain
events, the reduction in the magnitude of scattering coeffi-

cients was less than that of mass concentration. The influ-
ence of rainfall on the scattering coefficient was greater than
that on the absorption coefficient, which was related to the
particle size distribution and their chemical compositions.
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