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Abstract. Wet scavenging is an efficient pathway for the re-
moval of particulate matter (PM) from the atmosphere. High
levels of PM have been a major cause of air pollution in Bei-
jing but have decreased sharply under the Air Pollution Pre-
vention and Control Action Plan launched in 2013. In this
study, 4 years of observations of wet deposition have been
conducted using a sequential sampling technique to investi-
gate the detailed variation in chemical components through
each rainfall event. We find that the major ions, SOi_, Ca?t,
NO3_ , and NHI, show significant decreases over the 2013—
2017 period (decreasing by 39 %, 35 %, 12 %, and 25 %,
respectively), revealing the impacts of the Action Plan. An
improved method of estimating the below-cloud scavenging
proportion based on sequential sampling is developed and
implemented to estimate the contribution of below-cloud and
in-cloud wet deposition over the four-year period. Overall,
below-cloud scavenging plays a dominant role to the wet de-
position of four major ions at the beginning of the Action
Plan. The contribution of below-cloud scavenging for Ca>*,
SOi_, and NHI decreases from above 50 % in 2014 to be-
low 40 % in 2017. This suggests that the Action Plan has mit-
igated PM pollution in the surface layer and hence decreased
scavenging due to the washout process. In contrast, we find
little change in the annual volume weighted average concen-

tration for NO3* where the contribution from below-cloud
scavenging remains at ~ 44 % over the 2015-2017 period.
While highlighting the importance of different wet scaveng-
ing processes, this paper presents a unique new perspective
on the effects of the Action Plan and clearly identifies oxi-
dized nitrogen species as a major target for future air pollu-
tion controls.

1 Introduction

Atmospheric wet deposition is a key removal pathway for
air pollutants and is governed by two main processes: in-
cloud and below-cloud scavenging (Goncalves et al., 2002;
Andronache, 2003, 2004a; Henzing et al., 2006; Sportisse,
2007; Feng, 2009; Wang et al., 2010; Zhang et al., 2013). The
below-cloud scavenging process depends both on the charac-
teristics of the rain (snow), including the raindrop size distri-
bution and rainfall rate, and on the chemical nature of the par-
ticles and their concentrations in the atmosphere (Chate et al.,
2003). Previously, below-cloud scavenging was thought to
be less important than in-cloud processes and was simplified
or even ignored in many global and regional chemical trans-
port models (CTMs) (Barth et al., 2000; Tang et al., 2005;
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ENVIRON.Inc, 2005; Textor et al., 2006; Bae et al., 2010).
However, more recent extensive research on wet scaveng-
ing has found that precipitation, even light rain, can remove
50 %—80 % of the number or mass concentration of below-
cloud aerosols, and this is supported by both field measure-
ments and semi-empirical parameterizations of below-cloud
scavenging in models (Andronache, 2004b; Zhang et al.,
2004; Wang et al., 2014). Xu et al. (2017, 2019) studied the
below-cloud scavenging mechanism based on the simultane-
ous measurement of aerosol components in rainfall and in
the air in Beijing. They found that below-cloud scavenging
coefficients for PM; 5 widely used in CTMs (~ 10’5—10’6)
were 1-2 orders of magnitude lower than estimates from ob-
servations (at the range of 10~4-1073 for SOif, NO;', and
NHI.). This implies that the simulated below-cloud scaveng-
ing of aerosols might be significantly underestimated. This
could be one reason for the underestimation of SOi_ and
NO3 wet deposition in regional models of Asia reported in
phase II and IIT of the Model Inter-Comparison Study for
Asia (MICS-Asia) (Wang et al., 2008; Itahashi et al., 2020;
Ge et al., 2020) and in global model assessments by the Task
Force on Hemispheric Transport of Atmospheric Pollutants
(TF-HTAP) (Vet et al., 2014), in addition to the other sources
of model uncertainties (Chen et al., 2019; Tan et al., 2020;
Kong et al., 2020), such as emissions, chemical transforma-
tion, and changes in other ambient compounds of sulfur and
nitrogen. Bae et al. (2012) added a new below-cloud scaveng-
ing parameterization scheme in the CMAQ model and im-
proved the simulation of aerosol wet deposition fluxes in East
Asia by as much as a factor of 2 compared with observations.
The below-cloud scavenging process is critical not only for
wet deposition but also for the concentration of aerosols in
the air, and it should be represented appropriately in CTM
simulations.

It is important to recognize the contribution of below-
cloud scavenging to total wet deposition. However, many
studies have found that it is difficult to separate the two wet
scavenging processes based on measurement methods alone
(Huang et al., 1995; Wang and Wang, 1996; Goncalves et al.,
2002; Bertrand et al., 2008; Xu et al., 2017). A commonly
used approach to separating below-cloud scavenging from
total wet deposition is through sequential sampling (Aikawa
et al., 2014; Ge et al., 2016; Aikawa and Hiraki, 2009; Wang
et al., 2009; Quyang et al., 2015; Xu et al., 2017). In this way,
precipitation composition during different stages of a rainfall
event can be investigated separately in the lab after sampling.
The chemical components in later increments of rainfall are
thought to be less influenced by the below-cloud scavenging
process than by the in-cloud scavenging process (Aikawa et
al., 2014; Aikawa and Hiraki, 2009). Xu et al. (2017) applied
this approach to summer rainfall in Beijing in 2014 and found
that more than 50 % of deposited sulfate, nitrate, and ammo-
nium ions were from below-cloud scavenging. In this study,
an innovated method based on exponential curve to chemi-
cal ions in rainfall by sequential sampling is developed and
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implemented to estimate the ratio of below-cloud to in-cloud
wet deposition in Beijing over the four-year period between
2014 and 2017. Together with PM> 5 concentration measure-
ments, the below-cloud scavenging effects of the decreasing
air pollutants at near-surface due to the Air Pollution Preven-
tion and Control Action Plan (Action Plan) launched in 2013
(State Council of the People’s Republic of China, 2019) is
also investigated to explore the implications of the Action
Plain to the precipitation chemistry.

2 Data and methods
2.1 Measurement site and sampling methodology

The measurement site is located on the roof of a two-floor
building at the Institute of Atmospheric Physics tower site
(IAP-tower; 39°58'28” N, 116°22'1” E) in northern Beijing.
It is a typical urban site between the 3rd and 4th ring roads
and lying close to the Badaling expressway (Xu et al., 2017,
2019; Sun et al., 2015). Four years of inter-annual obser-
vations of each rainfall event were conducted at this site.
Sequential sampling of each rainfall event is employed to
catch the evolution of precipitation composition during each
event. To investigate the detailed variation in the concentra-
tion of different chemical components in precipitation, espe-
cially the sharp changes occurring during the onset of rain-
fall, high resolution sampling of rainfall at 1 mm sequen-
tial increments was performed using an automatic wet—dry
sampler. The rainwater collector uses a circular polyethylene
board with a 30 cm diameter and collects up to eight frac-
tions. About 70 mL of rainwater is collected for each of the
first seven fractions and the rest of the rainfall is collected
in the eighth fraction. For example, if there is 12 mm rain-
fall volume in a precipitation event, | mm sequential rainfall
is collected in each of the first seven fractions with the rest
of 5mm in the eighth fraction. Rainfall events where eight
fractions are collected and identified as full events, and those
with fewer than eight fractions are characterized as incom-
plete events. Manual sampling methods were used to collect
more than eight fractions during heavy rainfall, and these are
characterized as extended events. From 2014-2017, a total
of 104 precipitation events, which is almost 690 precipitation
samples, were collected. Of the total number of precipitation
events, 33 events (32 %) were discarded from the sequen-
tial sampling analysis due to low rainfall amounts (< 8 mm),
which cannot satisfy the rules of full events. Altogether, 69
full events including six extended events were recorded over
the 2014-2017 period in Beijing as 15, 16, 20, and 18 events
at each year, respectively. The rainfall volume of the eighth
fraction of these 69 full events varied from 1 to 55.9 mm.
After collection, all samples are refrigerated at 0—4 °C and
analysed at the Key Laboratory for Atmospheric Chemistry,
Chinese Academy of Meteorological Sciences (CAMS),
within one month, following the procedure used for the Acid
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Rain Monitoring Network run by the China Meteorologi-
cal Administration (CMA-ARMN) (Tang et al., 2007, 2010).
Nine ions that include four anions (SO‘ZF, NO;, CI™ and
F7) and five cations (NH,, Nat, K*, Ca?* and Mg?") are
detected using ion chromatography (IC, Dionex 600, USA).
Their relative standard deviations in reproducibility tests are
less than 5 %. Quality assurance is carried out using routine
standard procedure of blind sample inter-comparison orga-
nized by CMA (Tang et al., 2010). Quality control is con-
ducted by assessment of the anion—cation balance and by
comparison of the calculated and measured conductivity. A
more detailed description of the procedure can be found in
Ge at al. (2016) and Xu et al. (2017).

2.2 Aerosol measurements

Aerosol mass concentration is recorded in routine measure-
ments for the observation network of the China National En-
vironmental Monitoring Center (CNEMC). PM; 5 concen-
trations are used from the Olympic Park station, a mon-
itoring station located 3km to the northeast of the IAP-
tower sampling site. In addition, an ambient ion monitor-ion
chromatograph (AIM-IC) developed by URG Corp., Chapel
Hill, NC, and Dionex Inc., Sunnyvale, CA, is used to mea-
sure PM» 5 composition at the sampling site between 2014
and 2017. This instrument includes a sample collection unit
(URG 9000-D) for the collection of water-soluble gases and
particles in aqueous solution and a sample analysis unit (two
ion chromatographs, Dionex ICS-2000 and ICS-5000) for
analysis of both anions and cations. The limit of detection
of AIM-IC is 0.08 mg m~3 for NH** and 0.1 mg m ™~ for the
other ions. Aerosol mass concentrations and composition are
both measured at 1 h time resolution. Detailed descriptions
of the AIM-IC instrumentation can be found in Malaguti et
al. (2015) and Markovic et al. (2012). The average concen-
tration of aerosols in the 6 h before each rainfall event is
calculated to reflect the air pollution conditions before the
event. For comparisons, the yearly average concentration of
aerosols has been calculated to represent the normal condi-
tions.

2.3 Estimation of below-cloud scavenging

Previous studies have shown that the concentrations of chem-
ical ions in precipitation decreases through the progression
of a rainfall event and eventually stabilizes at low levels
(Aikawa and Hiraki, 2009; Aikawa et al., 2014; Ge et al.,
2016; Xu et al., 2017). The in-cloud and below-cloud scav-
enging contributions to total wet deposition are estimated
based on the assumption that the concentrations in later in-
crements can be attributed to scavenging by rainout only. Ac-
cording to (Seinfeld and Pandis, 2006), species can be in-
corporated into cloud and raindrops inside the raining cloud
and this process determines the initial concentration of rain-
drops before they start falling below the cloud base. In this
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stage, despite the efficient process of the nucleation scaveng-
ing in cloud, the total mass of aerosol in cloud is almost sta-
ble due to the slow process of interstitial aerosol collection by
cloud droplets, which is the determination process to aerosol
mass. That is to say, the initial concentration of raindrops in
cloud is well mixed and can be considered in a stable state
during the whole rainfall event. That is why many observa-
tions in different regions (Aikawa et al., 2009, 2014; Wang
et al., 2009; Quyang et al., 2015; Xu et al., 2017) reported
that the chemical components in a rainfall event show a de-
cayed variation with the increase of precipitation amount and
eventually tends to a stable and low-concentration level. The
assumption in this study as well as the previous studies is
based on this fact. It does not mean the below-cloud and in-
cloud scavenging occur in sequence. But, instead, the two
processes have been mixed in all stages of the rainfall event
with the below-cloud scavenging contributing more in begin-
ning fraction and the in-cloud scavenging contributing more
in the later fraction due to the depletion of the air pollutants
below cloud by washout.

This assumption relies on the efficient scavenging of air
pollutants below cloud through the evolution of precipita-
tion. However, the concentration of chemical ions in precip-
itation may also be affected by many other factors in addi-
tion to below-cloud air pollutant concentrations and in-cloud
scavenging processes. For example, the precipitation inten-
sity may affect the scavenging efficiency of air pollutants be-
low cloud and hence influence wet deposition (Andronache,
2004b; Wang et al., 2014; Xu et al., 2017, 2019). Yuan et
al. (2014) reported that in central North China high inten-
sity rainfall events of short duration (lasting less than 6 h) are
dominant rather than long-duration rainfall that is more com-
mon in the Yangtze River Valley. Therefore, the time window
for the definition of in-cloud stage is very important for esti-
mating the below cloud and in-cloud contributions. Previous
studies have estimated the concentrations of chemical ions
scavenged in-cloud based on the judgement that 5 mm of ac-
cumulated precipitation is sufficient to identify the contribu-
tion of the in-cloud scavenging process (Wang et al., 2009;
Aikawa and Hiraki, 2009; Xu et al., 2017). Based on this
approach, the concentrations of NO; and SOi_ in cloud in
Japan were found to be 0.70 and 1.30 mgL~!, respectively
(Aikawa and Hiraki, 2009). In Beijing, high concentrations
of NHI, SOZ_, and NO3_ in 2007 were found at 2.1-5.5, 3.1—
14.9, and 1.5-5.9mg L, respectively (Wang et al., 2009;
Xuetal., 2017).

In this study, a new method based on fitting a curve to the
chemical ion concentrations with successive rainfall incre-
ments has been developed to estimate the contribution of the
in-cloud process. As shown in Fig. 1, an exponential curve is
fitted to the median, 25th, and 75th percentiles of the chem-
ical ion concentrations in each fraction through the rainfall
increments. Note that the fitted exponential curve is applied
to the combination of all 69 full events to estimate the yearly
median concentration of chemical ions in-cloud and to com-
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pare with the results from the previously reported method
(i.e. median concentration after 5 mm increments). In addi-
tion, the exponential approach to each unique event was also
employed. Ideally, the concentrations of chemical ions stabi-
lize at higher rainfall increments and this represents the con-
centrations in cloud. However, the decrease during each rain-
fall event is distinctly different, and this regression method is
not fully applicable to all rainfall events in practice. There-
fore, the exponential regression method is used to estimate
the in-cloud concentrations under most circumstances, but
where the decreasing trend with the increment of rainfall is
not significant, the average value of rainfall increments 6—8
of the event is used. The below-cloud contributions to wet
deposition of each species are then calculated using the fol-
lowing equations (Egs. 1-2):

Wetdeppelow-cloud = Z:lz 1 (Ci=O) x Py M

Contributionpelow-cloud = w, 2)
2i1Ci x Pi
where C; and C represent the concentration of each chemical
ion in fraction i in cloud, P; represents the volume of rainfall,
and n represent the total fractions in a rainfall event (equal to

8 in this study).

3 Results and discussion
3.1 Inter-annual variations in chemical components

The Action Plan launched in 2013 is called “Ten rules” to
improve the air quality in China. It includes the compre-
hensive control of industrial emissions, non-point emissions,
fugitive dust, and vehicles emissions. It is also aimed at ad-
justing and optimizing the industrial structure and promot-
ing economic transformation and upgrading, such as increas-
ing the supply of clean energy. These actions are ensured
to work by both of legislation and market mechanisms. Ac-
cording to the Beijing Environmental Statement published
by the Beijing Municipal Environmental Protection Bureau
from 2013 to 2017, many measures have been implemented
to meet the Action Plan, including replacement of residen-
tial coal with electricity and natural gas, upgrading the emis-
sion standards of gasoline, diesel vehicles, and power plants,
and closing high-emission enterprises. Significant declines
in atmospheric PM3 5 concentration have been observed na-
tionwide between 2013 and 2017 during the Action Plan
(Zhang et al., 2019). However, few studies have investigated
the benefits of the Action Plan for wet deposition. A sig-
nificant increase of NO3 in precipitation of 7.6 % was ob-
served at a regional background station in North China be-
tween 2003 and 2014 (Pu et al., 2017). A decrease in the
ratio of SOZ_ /NO3’, mostly due to the decreasing of SOi_
and increasing of NO;', suggests the transformation of a sul-
furic acid type to a mixed type of sulfuric and nitric acid in
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North China. However, the updated record especially after
the Action Plan is important to assess the mitigation of the
air pollutants not only in the atmosphere but also in rainfall.
A nationwide investigation of the wet deposition of inorganic
ions in 320 cities across China was recently made based on
observations between 2011 and 2016 from the National Acid
Deposition Monitoring Network (NADMN), which was es-
tablished by the China Meteorological Administration (Li et
al., 2019). Briefly, both SOi_ and NO; across China expe-
rienced significant changes before and after 2014, with in-
creases from 2011 to 2014 and then decreases from 2014 to
2016.

In order to quantify the influence of the Action Plan on
wet deposition in Beijing, 4 years of observations of each
rainfall event are considered in this study. Figure 2 shows
the volume weighted average (VWA) of inter-annual mean
concentrations of SOZ_, NO3_ s NHI, and Ca2* observed in
Beijing from 2014 to 2017 along with those reported be-
fore 2010 from previous studies (Yang et al., 2012; Pan et
al., 2012, 2013) (more detail is provided in Table S1 in the
Supplement). A continuous decrease in VWA concentrations
between 1995 and 2017 is found for SOi_, with decreases
of 3.1 % yr~! in the earlier stage (1995-2010) and decreases
of 9.8 % yr_1 in the later stage (2014-2017). This is consis-
tent with the annual changes in its emission and concentra-
tion as shown in Fig. 3, in which the emission and the con-
centration data are collected from the annual Environmental
Bulletin in Beijing from 1994 to 2017. It is clearly shown
that the concentration of SO, experienced a sustainably de-
creasing trend due to significant reduction of its emission
from 1996 to 2017, with the decrease rate being 4.5 % yr~!
and 13.9 % yr~! in emission and 2.8 % yr~! and 14.0 % yr~!
in concentration during the earlier stage and later stage (of
the Action Plan period), respectively. The significant de-
clines in VWA concentration of Ca’>* is found in precipi-
tation with decrease rates of 36.1 % yr~—! in 1995-2010 and
8.8% yr~! in 2014-2017. The emission and concentration
data of Ca?t are absent in this study. Instead, the difference
between the PMg and PM, s (PM9o—PM, s5) concentration
from 2013-2017 have been calculated to represent the coarse
particles, which mainly contain Ca?*. The results show that
the concentration decreased from 31.2 ugm™2 in 2013-2014
to 24.0 ugm—3 over 2015-2017. This indicates the improve-
ment in coarse particles, which are derived from crustal emis-
sions, that has been made through the Action Plan. As men-
tioned above, the Action Plan including emission reduction
is not only from the energy consumption of industry but also
the fugitive dust in cities, which should result in the decline
of Ca%t. For NO3 and NHI, increases are found during
the earlier stage (~ 60 %) and decreases in the later stage
(12 % for NO; and 25 % for NHZ{). As for NO, emissions,
data have been collected in recent years. Although a clear
reduction is found in the annual changes in emissions from
2010, the ambient concentration of NO> do not show a sig-
nificant decreasing trend (~ 3.6 % yr~—!) compared with SO,

https://doi.org/10.5194/acp-21-9441-2021



B. Ge et al.: Inter-annual variations of wet deposition in Beijing from 2014-2017

()
-0.51x

5 ¥ |y=3.18+1028¢

)

&

-8

g

k=

=

2

g

=

3

=

8

]

w2

]
=
T T
1 2 3 4 5 6 7 8 9 10 11
Cumulative rainfall (mm)
©
-0.28x

5 o | y=137+58le

%Q 12

&

g

54

8

=

g

g

=

3

2

1=}

3

t o

o

Z

Cumulative rainfall (mm)

9445
(b) 045
5 y=232+11.03¢
=
&
R=|
e
g
g
§
=
Z
T
8
Cumulative rainfall (mm)
124 06
s y=0.67+3.75
g
5
51
8
g
r‘.s
o

Cumulative rainfall (mm)

Figure 1. Concentrations of SOi_ (a), NO3_ (b), NHI (c), and Ca2t (d) in each 1 mm fraction of rainfall (i.e. F1#, F2#, ...) over different
rainfall events in the observation periods. The red line shows an exponential fitting using the 50th percentile of the data and the red shading

indicates the range between the 25th and 75th percentiles.

(14 % yr— 1 ). However, before the Action Plan, the decreasing
ratio in concentration was only 1.8 % yr~!, which is slower
than the Action Plan period. Despite the increases of VWA
NOj in precipitation during the earlier stage, the small de-
creases in the later stage could also be attributable to the Ac-
tion Plan.

For a better understanding of the impacts of acidifica-
tion on ecosystems, wet deposition fluxes of the four ma-
jor ions in precipitation are also plotted in Fig. 2. Similar
variations are found as those presented in the VWA of the
four major ions. Observations of sulfur and nitrogen wet de-
position (Pan et al., 2012, 2013) from 2007-2010 show the
value of 21.5kgSha=!yr~! and 27.9kgNha~!yr~! (19.7
and 8.2kgNha~! yr~! through NOJ and NH}) in Beijing,
respectively. Compared with these results, significant de-
creases (11.4kgSha~!yr~! and 23.6kgNha~!yr=!) were
observed in the 4 years of measurements from 2014-2017
in this study. All four components in the later stage show
significant decreases, suggesting that the Action Plan, which
was implemented over this period, has a substantial impact.
While Ca?* and SOi_ played a prominent role in precipi-
tation during the earlier stage before 2010, NHI and NO3
became the primary components in the later stage after 2010.
It should be noted that NH;L has a double role in environ-
mental pollution because it mitigates acid rain through neu-
tralization, but also acidifies the soil by nitrification. Hence,
while sulfur in precipitation has been further reduced under
the Action Plan, additional attention is needed for nitrogen to

https://doi.org/10.5194/acp-21-9441-2021

prevent deterioration of the environment by acid rain result-
ing from nitrate and ammonium.

3.2 Relationship between concentration in
precipitation and the atmosphere

Wet deposition of a substance involves its removal from the
associated air mass. The scavenging ratio H can be esti-
mated by comparing the monthly average concentration in
precipitation with that in the air (Okita et al., 1996; Kasper-
Giebl et al., 1999; Hicks, 2005; Yamagata et al., 2009). Xu
et al. (2017) first calculated the rainfall event H based on the
hourly concentration of aerosol components measured with
an Aerodyne Aerosol Chemical Speciation Monitor (ACSM)
and AIM-IC in 2014. In this study, 4 years of aerosol com-
ponent observations were undertaken by AIM-IC. Measure-
ments made in the 6 h before each rainfall event are aver-
aged to represent the precondition of wet deposition precur-
sors in the atmosphere. Figure 4 shows the relationship be-
tween the major chemical ions in precipitation and in the air.
The VWA concentration of SOZ_, NO3', and NHI (hereafter
SNA) as well as Ca>t in each rainfall event was calculated
and compared with that in the first 1 mm rainfall fraction,
F1#. As shown in Fig. 4, positive correlations are found be-
tween the concentrations of ions in precipitation and in air,
with Pearson correlation coefficients (R) generally higher
than 0.7 (p <0.01). The concentration in the first fraction
represents a high proportion of below-cloud scavenging due

Atmos. Chem. Phys., 21, 9441-9454, 2021
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Figure 3. Annual changes in emission and concentration of SO,
and NOy in Beijing; data are collected from the annual Environ-
mental Bulletin in Beijing from 1994 to 2017.

to the washout of air pollutants below cloud by the first rain-
fall, while the VWA represents a greater contribution from
in-cloud removal (Aikawa and Hiraki, 2009; Wang et al.,
2009; Xu et al., 2017). Thus, it is reasonable that the cor-
relations are stronger for the first fraction than for the VWA
(see Table 1). This indicates that the concentration of chemi-
cal ions in precipitation at the start of rainfall is more greatly
influenced by the air pollutants below the cloud. As rainfall
continues and below-cloud concentrations are reduced, there
is an increased contribution from in-cloud scavenging, which
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is less influenced by aerosols in the surface layer. This is con-
firmed by the substantial difference in the two R coefficients
for the cation Ca2* (0.85 for the first fraction, 0.47 for the
VWA), which often exists in coarse particles below cloud.
For the fine particle SO?[, which is present both in and be-
low cloud (Xu et al., 2017), the difference in the two R coef-
ficients is small. The R coefficients for NO; and N HI show
less difference than Ca>* but more difference than SOZT
This may relate to their complicate sources from the ambient
precursors. For example, the NO;5 in precipitation is both
from the fine and coarse particles (i.e. particulate NO3') as
well as the gaseous HNOj3, while the NHI in precipitation is
mainly from the fine particles in addition to NH3.

The slope of the linear fits in Fig. 4 can be used to cal-
culate the scavenging ratio W, which is the ratio of the ions
concentration in precipitation (mgL~!) and in air (ugm™3).
The W ratio is 0.25 x 10°, 0.16 x 105, and 0.15 x 10 for
SOZ_, NOS_ , and NHI, respectively. This is similar to that
reported for rainfall events in 2014 in Beijing (0.26 x 10°,
0.35 x 10, and 0.14 x 10° for SNA; Xu et al. (2017)) and
consistent with those estimated in the eastern United States
(0.11-0.38 x 10°, 0.38-0.97 x 10°, and 0.2-0.75 x 10° for
SNA; (Hicks, 2005)). Compared with SO~ and NH;, the
scavenging ratio for NO;™ shows larger differences between
this study and previous studies, corresponding to larger un-
certainties to the R between the concentrations of ions in pre-
cipitation and in air for VWA in Fig. 4a (lower significance
p <0.05). It should be noted that the W calculated in this
study is based on the fine particles in air, which may not rep-
resent the accurate reflection of the wet scavenging efficiency
of SNA. These uncertainties have been evaluated. For sulfur,
gaseous SO, was considered to testify its role in the relation-
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Table 1. Correlation of the concentrations of major ions in air in the 6h before rainfall with those in precipitation. Pearson correlation
coefficients are presented for monthly volume weighted average (VWA) concentrations and for the first fraction (F1*) in each event.

SOI” (n=13) NOj (n=14) NHJ (n=13) Ca’* (=9

VWA
F1#

0.70*
0.76*

0.53**
0.62*

0.65*
0.77*

0.47
0.85*

Note: * and ** represent significant correlations at p < 0.01 and p < 0.05, respectively.
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F1# and VWA, respectively.

ships. Figure S1 in the Supplement shows the relationships
between the concentration of SOi_ in precipitation and in air
(SOZ_ in precipitation vs. SOi_ and SOi_ in precipitation
VS. SOQ+SOi_). The correlation coefficients R increased if
the role of gaseous SO, was considered (the R of SOﬁ_ in
precipitation vs. SO?[ is 0.7 and the R of SO?[ in precipita-
tion vs. SOz—l—SOZ_ is 0.75). However, the scavenging ratio
W was not changed, with the difference being lower that 1 %.
For nitrogen, the contribution of gaseous HNO3 to total inor-
ganic nitrate is less than 2 % in the North China Plain accord-
ing to Zhai et al. (2021), which can be ignored in this study.
According to more than one year of measurements in Beijing
(Tian et al., 2016), SO, NOy3', and NHI in coarse particles
account for 18 %, 27 %, and 10 %, respectively. The lower
R coefficient for NO; than for SOﬁ_ and NHI in Fig. 4 is
attributed to the absence of considering NO3' in coarse parti-
cles. In addition, due to high concentration of NH3 at ground
surface over NCP (Pan et al., 2018), the NHZr in precipita-
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tion from gaseous NHj3 cannot be ignored (Kasper-Giebl et
al., 1999). The ratio of NHI /(ZSOi_+NO; ) in precipita-
tion and in PMj s was calculated. A lower ratio in precip-
itation than in PMj; 5 was found, with 0.95-1.01 in precip-
itation and 1.35 in air. This is due to the impacts of rich
gaseous NH3 at ground surface going into the precipitation
by reacting with gaseous HNO3 and forming NH4NO3 after
(NH4)2SOy4. Thus, the contribution of coarse particles and
gases to the relationships between sulfur and nitrogen com-
pounds in precipitation and the atmosphere is not as impor-
tant as the fine particles, except for NO3 in coarse particles
and gaseous NH3, which should be considered in the future.

Wet deposition can affect much of the atmospheric column
through in-cloud and below-cloud scavenging processes. The
vertical column density (VCD) of SO, and NO, from satel-
lite retrieval from the 2000s to 2017 is used here to compare
with the inter-annual variations in wet deposition in Beijing
(Fig. S2 in the Supplement). Consistent variation of the VCD
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and the yearly VWA concentration in precipitation is found
for sulfur and nitrogen. A continuous decrease is found in
VCD SO, from 2005 to 2017, matching the trend in SOi*
deposition, while VCD NO; shows an increase from 2001 to
2011, a decrease after 2011, and little change over the 2014—
2017 period. This implies that the Action Plan not only bene-
fits air pollutants in the surface layer but also those in the total
column. Due to faster decreases in emissions of sulfur than
nitrogen (Zheng et al., 2018), the ratio of S/N in both precip-
itation (SO3~ /NO3 , peq. L") and air (SO;~ /NO3 , ugm™—>)
are found to decrease, with the change in ratio in precipita-
tion at 17.5% yr=', 11 % yr~!, and 20.0 % yr~! from 1995—
2010, 20142017, and 1995-2017, and in air at 12 % yr~!
from 2014-2017, respectively (see Fig. S3 in the Supple-
ment). This is also consistent with the trend reported for all of
China from 2000-2015 by Itahashi et al. (2018). The ratio of
S/N in precipitation is a useful index to investigate the rel-
ative contributions of these acidifying species. In addition,
the ratio of NHI /NO; is investigated here and a clear de-
crease is found from 2014-2017 both in precipitation and in
air. This indicates that NHI is decreasing faster than NO5.
This evidence clearly confirms that nitrate should be the ma-
jor target for air pollution controls in the next action plan.

3.3 Proportion of below-cloud scavenging

As described in Sect. 2.3, the in-cloud ion concentration (C_‘ ,
in Eq. 1) can be derived from the exponential fit of the ob-
served rainwater concentrations. Table 2 lists the asymptote
value and the exponential fitting equation of the evolution
of each ion concentration in precipitation with the incre-
ment of rainfall. As shown, the asymptote value (hereafter,
exponential approach) based on the median data for SOi_,
NO3_, and NHI was 3.18, 2.32, and 1.39mg L, respec-
tively. The SO?[ and NO; are within the range of reported
in-cloud concentrations for Beijing (3.33 and 2.75mgL~!
for SOi_ and NO3'; Xu et al., 2017), while the NHI in this
study is lower than previous studies (2.51 mgL™! in Xu et
al., 2017 and 2.1-4.5 mg L~1in Wang et al., 2009). In-cloud
concentrations for other ions, i.e. Ca?*, F~, CI-, Nat, KT,
and Mg?*, are 0.67, 0.04, 0.27, 0.1, 0.06, and 0.08 mgL!,
respectively. For comparison, the average concentration in
fractions 6 to 8 (FO6#-F8#) in each rainfall event (hereafter,
average approach) is used to estimate the in-cloud concen-
tration for events where successive rainwater concentrations
do not show an obvious decrease or where other factors such
as precipitation intensity are important (see Table 2). Similar
results are found for most ions with the exponential and aver-
age approach except for NH, F~, K*, and Mg?*, where the
maximum difference is less than 20 % (Table 2). Thus, the
replacement of in-cloud concentration by the average value
is acceptable for SOi_, NO;3, Ca%t, Cl~, and Na™ but there
is much uncertainty for the other ions. It is worth noting that
for all ions the average approach gives higher estimates of
in-cloud concentrations, and this can be recognized as an
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upper limit for in-cloud concentrations. It is also important
to note that the increased concentrations of ions in the lat-
ter fractions were observed in few events in this study. This
may due to the unique meteorological conditions and air pol-
Iutants movement during each precipitation event. Despite
the longer precipitation fractions collected in this study, even
longer fraction measurements and more detailed analysis on
the uncertainties are needed in the future. The influences of
meteorological conditions (i.e. rainfall type and intensity) are
discussed in Sect. 4.

The model study in Japan showed consistent fractions of
in-cloud and below-cloud scavenging to total wet deposi-
tion between simulated and observed values, except for one
site, which is the region of high emission flux of SO,. In
this region, the simulated below-cloud scavenging contribu-
tion was apparently greater than the observed results. Specif-
ically, the model shows that the SO, and HNOj3 gases dom-
inantly contributed to the below-cloud scavenging of SO;[
and NOj in the regions of high emission flux of SO;, while
the aerosol removal was dominated by the in-cloud scaveng-
ing process. In their model setup, all of below-cloud gaseous
SO, was assumed to be dissolved into raindrops and fully ox-
idized to SOi_. However, as suggested by Seinfeld and Pan-
dis (2006), the aqueous equilibrium between ambient gas and
precipitation cannot be assumed due to the relatively short
residence times of falling precipitation. Thus, the assump-
tions used in Kajino and Aikawa (2015) might overestimate
the contribution of gaseous SO, to below-cloud scavenging.
In addition, considering the high concentration of particles
(60-90 ugm™> in mass concentration) below-cloud in Bei-
jing, the gaseous compounds may not be as important as in
the Japan simulation. According to the Environmental Bul-
letin in Beijing from 1994 to 2017, the annual concentra-
tion of SO, has dramatically decreased from 26.5ugm= in
2013 to 8 ugm™3 in 2017. This relatively low-level concen-
tration of SO at the surface may not contribute a dominant
role in wet deposition of SOi_. Similarly for NO5, the ra-
tio of gas-phase HNO3 and the total NOj3 in the summer
in Beijing is only 0.12 according to the measurement study
of Yue et al. (2013). The fraction of total inorganic nitrate
as particulate nitrate instead of gaseous nitric acid over the
NCP increased from 90 % in 2013 to 98 % in 2017 (Zhai
et al., 2021), which means the gaseous nitric acid has been
consumed by high levels of ammonia concentrations. We as-
sumed a 10 % ratio of gases added into the washout process,
which only leads to less than 5 % difference of below-cloud
scavenging contribution to total wet depositions. Regardless,
there might be larger uncertainties for NH3 due to the high
concentration of NH3 at ground surface over NCP (Pan et
al., 2018). Kasper-Giebl et al. (1999) reported that 49 %—
79 % of NHZr in precipitation is from particulate ammonium,
which indicates that large uncertainties in the contributions
from gases still exist in the form of NHI wet deposition.
The uncertainties are mainly from the indistinct window for
the in-cloud scavenging judgement due to high concentra-

https://doi.org/10.5194/acp-21-9441-2021



B. Ge et al.: Inter-annual variations of wet deposition in Beijing from 2014-2017

9449

Table 2. Exponential fitting for the concentrations of major ions in different fractions of rainfall and the contribution of below-cloud scav-

enging to total deposition.

Chemical Exponential fitting for R? Asymptote value  Below cloud Average of Below cloud Difference  Total wet deposition
components  50th percentile? (n=11) (mg L’l) %°  Fo#—F8# (mg L’l) %° %4 (mg m2 yr’l)
S03~ y=3.17+10.28 ¢~0-31¥ 0.85 3.18 50% 333 48% <3% 34233
NOy y=232+411.03 ¢—045¢ 0.81 2.32 59 % 2.59 54% <6% 3046.5
NH; y=139+5.81 ¢~028x 0.79 139 65% 1.95 51% <9% 2149.5
Ca2t y=0.67+6.81 ¢~ 0-6% 0.93 0.67 52% 0.72 48 % <6% 746.0
F~ y=0.04+0.24 ¢—03%x 091 0.04 56 % 0.05 40 % <10% 49.0
cl- y=027422 ¢ 0-6x 0.95 0.27 53% 0.29 50 % <5% 309.7
Na® y=0.141.34 ¢709% 0.91 0.10 64 % 0.10 64 % <1% 150.6
K+ y =0.06+0.49 ¢~047% 0.89 0.06 64 % 0.07 58% <9% 89.8
Mg2+ y=0.08+0.81 ¢~ 04« 0.83 0.08 61 % 0.11 46 % <13% 109.2

4 Fitting for the median of each fraction in different rainfall events. b Below-cloud portion calculated based on the fitting curve. ¢ Below-cloud portion calculated based on the average value of fractions 6 to 8
(F6#-F8#) in rainfall events. 9 Difference in concentrations between adjacent 1 mm increments after 5 mm accumulated precipitation.

tion of gaseous NHj3 at ground surface, which is not easy to
be scavenged completely during the short time fraction mea-
surements. This is also confirmed by the larger difference in
below-cloud contribution to N HI wet deposition than other
ions estimated by the exponential approach and the average
approach in Table 2. As mentioned above, more and longer
fraction measurements as well as studies on the influence of
NH; to NHZr wet deposition are needed in the future.

Following Eq. (2), the contributions of below-cloud
scavenging to the wet deposition in each rainfall event from
2014-2017 are estimated from the in-cloud concentration.
Figure 5 shows the yearly VWA of SNA and Ca’*t and the
in-cloud and below-cloud contributions. The ratio of below-
cloud contribution to the four major components based on
the yearly median value of the in-cloud concentration is also
shown in Fig. 5. Benefiting from the Action Plan, the air
quality at the surface layer have been significantly improved
(Zhang et al., 2019), which in turn leads to the decreases in
the below-cloud scavenging. In this study, it also shows that
the below-cloud contributions of SOﬁ_, NO5, NHI, and
Ca®t decrease from > 50 % in 2014 to ~40 % in 2017. In
2017, the contribution of below-cloud scavenging declines
to lower than 40 % for SOZ‘ and NHI, but remains at 44 %
for NO; . Over the four-year period from 2014-2017, the av-
erage yearly wet deposition for all ions and the below-cloud
wet scavenging contributions are given in Table 2. Similar
to the concentrations in precipitation, the wet deposition of
SOi_, NO3_ , and NH;L|r decreased from 21.5kg S ha~! yr’l,
89, and 19.0kgNha~'yr~' from 2007-2010 (Pan
et al, 2012, 2013) and to 11.4kgSha=!'yr!
(342x 10°mgm~2yr~!), 6.9, and 16.7kgNha=!yr!
(3.05 x 103 and 2.15 x 10> mgm~2 yr~!) from 2014-2017,
respectively. Below-cloud scavenging contributed to almost
half of total deposition estimated with the exponential
approach (50 %—60 %), which is higher than the average
approach (40 %-50 %).
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4 Factors influencing below-cloud scavenging

Each precipitation event is unique in terms rainfall intensity,
droplet sizes and distribution, rainfall type (thunderstorms or
deep convective scavenging), air concentrations of chemical
components, etc. The unique characterization of each precip-
itation event was considered in calculation of the proportions
from in-cloud and below-cloud processes, as the exponen-
tial approach to each unique event was made. The below-
cloud proportions varied from 20 % to 80 % among the 69
rainfall events. The influence of these factors affecting wet
scavenging were investigated through the correlation analy-
sis between below-cloud proportions with the rainfall type as
well as the rainfall intensity.

4.1 Rainfall type

The rainfall over the North China Plain in summertime is
usually determined by the synoptic system such as the upper-
level trough or the cold vortex. The 69 rainfall events have
been classified based on the synoptic system according to
records from the Beijing Meteorological Service (http://bj.
cma.gov.cn, last access: 17 June 2021) with 33 events as-
sociated with upper-level troughs, 23 events associated with
a cold vortex, and 13 events associated with other systems.
Figure 6 shows the contributions of below-cloud scaveng-
ing for the two major systems. A high contribution from
below-cloud scavenging is found for rainfall events associ-
ated with an upper-level trough with the median contribu-
tions for SO3~, NO3, NH, and Ca’* of 56.2 %, 62.1%,
56.3 %, and 61.9 %, respectively. In the contrast, the contri-
butions during rainfall events under cold vortex conditions
are significantly lower, with the values of 42.2 %, 44.5 %,
41.7 %, and 53.9 %, respectively. Rainfall events associated
with an upper-level trough are usually accompanied by oro-
graphic or frontal precipitation and are characterized by long
and continuous precipitation (Shou et al., 2000). This sug-
gests that below-cloud scavenging of chemical components
is important for this rainfall type due to air mass transport
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Figure 6. Contribution of below-cloud scavenging during rainfall
events associated with different synoptic conditions.

from outside Beijing. In contrast, rainfall events associated
with a cold vortex usually originate from strong thermal con-
vection and are characterized by short heavy rainfall (Zhang
etal., 2008; Liu et al., 2016; Zheng et al., 2020). This is com-
mon during the summer months in Beijing with deep convec-
tive clouds (Yu et al., 2011; Gao and He, 2013) and suggests
that there is a large contribution from in-cloud scavenging to
the total wet deposition.
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4.2 Precipitation intensity and rainfall volume

To illustrate the impacts of rainfall on below-cloud aerosol
scavenging, the relationship between the below-cloud frac-
tion and the rainfall volume and precipitation intensity are
investigated (see Fig. 7). Negative correlations in the below-
cloud fraction are found for both the rainfall volume and
precipitation intensity, although the relationship with the for-
mer is stronger (R: 0.63-0.93 vs. 0.03—0.64). This is consis-
tent with the results for 2014 in Beijing reported by Xu et
al. (2017). Atmospheric particles are efficiently removed be-
low cloud by washout at the beginning of precipitation events
(almost 70 % of SNA is removed in the first two to three
fractions, as shown in Fig. 1). As the rainfall progresses,
in-cloud scavenging makes an increasingly important con-
tribution as below-cloud aerosol concentrations fall. Xu et
al. (2017) found that heavy summertime rainfall events with
more than 40 mm of rainfall usually occur over very short
periods of time, usually 2-3 h. This heavy rainfall leads to
the scavenging of aerosols in a relatively localized region
and prevents the compensation associated with transport of
air pollutants from outside the region during longer-duration
light rainfall events. This contributes to the decreased contri-
bution of below-cloud scavenging during the high intensity
rainfall events.

5 Conclusions

This paper presents an analysis of below-cloud scavenging
from 4 years of sequential sampling of rainfall events in Bei-
jing from May of 2014 to November of 2017. The concentra-
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Figure 7. Contribution of below-cloud scavenging in events with different rainfall volume and precipitation intensity.

tion of ions in precipitation varied dramatically, with yearly
volume weighted averaged concentrations of SOi_, NO3,
NHI, and Ca®>* decreasing by 39 %, 12 %, 25 %, and 35 %
between 2014 and 2017, respectively. Due to faster decreases
in SOZ‘ than NOy3’, both in precipitation and in the air during
the observation period, there is a significant decrease in the
S/N ratio in precipitation at 44 % and in air at 48 %. Bene-
fiting from the national Air Pollution Prevention and Control
Action Plan, sulfur has been further reduced, while nitrogen,
especially nitrate, needs further attention in the next action
plan to prevent deterioration of the environment associated
with acid rain and photochemical pollution.

A new method has been developed and employed to esti-
mate the below-cloud contribution to wet deposition in Bei-
jing. The new approach suggests that the contribution from
below-cloud scavenging is greater than that estimated by ap-
plying simpler approaches used in previous studies. Overall,
the contribution of below-cloud scavenging to the wet depo-
sition of the four major components is important at 50 %—
60 %. The contribution of below-cloud scavenging shows a
decrease over the 2014-2017 period for Ca?t, SOZ_, and
NHZ{, but little change for NO3 from 2015-2017. Below-
cloud scavenging also has a strong cleansing effect on air
pollution, and the hourly concentration of PM> 5 is found to
decrease sharply as the rainfall events occur, even when the
effects from wind have been accounted for.

Rainfall types also influence the contribution of below-
cloud scavenging. Seventy-five rainfall events during the
four-year period were classified based on the local synop-
tic conditions. Lower contributions from below-cloud scav-
enging (~40 %) are found for the four major ions in rain-
fall events associated with a cold vortex, while higher contri-
butions (~ 60 %) are associated with an upper-level trough.
Precipitation volume and intensity both show a negative cor-
relation with the below-cloud fraction. This suggests that
atmospheric particles are efficiently removed via below-
cloud scavenging processes at the beginning of precipitation
events. As the event progresses, rainfall in the later fractions
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shows a greater contribution from in-cloud scavenging pro-
cesses as aerosols in the surface layer have already been re-
moved. To better understand the mechanism of below-cloud
scavenging processes, high-resolution measurements both in
precipitation and in the air, especially at the beginning of
rainfall events, are needed in the future.
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