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a b s t r a c t

Enhanced ammonia (NH3) emissions and deposition caused negative effects on air quality and ecosys-
tems. Precipitation is an efficient pathway to remove NH3 and particulate ammonium (p-NH4

þ) from the
atmosphere into ecosystems. However, precipitation scavenging of p-NH4

þ in chemical transport models
has often considered fine p-NH4

þ, with inadequate constraints on NH3 and coarse p-NH4
þ. Based on

distinct d15N values between NH3 and NH4
þ in PM2.5 (particulate matters with aerodynamic di-

ameters� 2.5 mm) or TSP (total suspended particulates), this paper interpreted intra-event variations of
precipitation NH4

þ concentrations and d15N values (d15N-NH4
þ values) at Guiyang (Xiao et al., 2015).

Generally decreased NH4
þ concentrations across rain events reflected decreasing scavenging of NH3 and

p-NH4
þ. Using a Bayesian isotope mixing model, we found that differing contributions between 15N-

depleted NH3 and 15N-enriched p-NH4
þ were responsible for the three-stage variations of intra-event

d15N-NH4
þ values. The decreases of d15N-NH4

þ values across the first and third stages indicated more
decreases in scavenging p-NH4

þ than NH3, while the increases of d15N-NH4
þ values across the second stage

were resulted primarily from more increases in scavenging p-NH4
þ (particularly fine p-NH4

þ) than NH3.
These results stressed influences of differing scavenging between NH3 and p-NH4

þ on precipitation d15N-
NH4

þ values, which should be considered in modeling precipitation scavenging of atmospheric p-NH4
þ.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Ammonium (NH4
þ) is the dominant form of inorganic nitrogen

(N) deposition from the atmosphere to most terrestrial ecosystems
of the world (Galloway et al., 2008; Liu et al., 2013), mainly origi-
nating from combustion sources (e.g. fossil fuel consumption and
biomass burning) and volatilized sources (e.g. fertilizer application
and wastes) (Sutton et al., 2000; Huang et al., 2012; Kang et al.,
2016). For example, increased NH3 emissions in China were pri-
marily derived from livestock wastes and synthetic fertilizer ap-
plications, which accounted for about 49% and 37% of annual NH3
emissions on average from 1980 to 2012 (Kang et al., 2016). These
emissions enhanced the NH3 and NH4

þ deposition over China (Liu
e by B. Nowack.
System Science, Tianjin Uni-
et al., 2013), which has caused negative effects on air quality and
ecosystems.

Precipitation is an efficient way to remove NH3 and p-NH4
þ from

the atmosphere (Seinfeld and Pandis, 2006; Andronache, 2003;
Kajino and Aikawa, 2015), generally accounting for over 72% of NH4

þ

deposition at different types of land use across China (Xu et al.,
2015). Precipitation scavenging mechanisms of particulates are
critical for parameterizing wet scavenging coefficients (WSCs, Xu
et al., 2017) in chemical transport models (Wang et al., 2014; Xu
et al., 2017). Since 1990s, scavenging coefficients have become
quite important parameters in chemical transport models to char-
acterize precipitation processes (Okita et al., 1996; Zhang et al.,
2013). However, there have long been substantial uncertainties
(such as size-specific scavenging coefficients and vertical variations
of aerosols) in theoretical parameterizations of WSCs due to the
complex physical and chemical processes in the atmosphere
(Zhang et al., 2013; Sun et al., 2015).

There are two main scavenging processes of precipitation:
rainout (in-cloud scavenging) and washout (below-cloud
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Fig. 1. d15N values of atmospheric NH3, PM2.5-NH4
þ, and TSP-NH4

þ. Different symbols
showed scattered values. The boxes encompass the 25th � 75th percentiles, the line in
each box marks the mean value, and whiskers are SD values. Different letters (a, b, c)
above the boxes mark significant differences at the level of P< 0.05.
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scavenging) (Andronache, 2003). The rainout and washout mech-
anisms of particulates include the activation of cloud condensation
nuclei in supersaturation conditions and the collection of aerosols
by falling hydrometeors, respectively (Andronache, 2003; Aikawa
and Hiraki, 2009). For rainout, individual cloud droplets initially
start their lives as cloud condensation nuclei. The critical super-
saturation and the particulate diameters (particularly around one
hundred nanometers) are the key factors of cloud condensation
nuclei concentrations (K€ohler, 1936; Dusek et al., 2006). The
washout dominates the removal of atmospheric particulates due to
high p-NH4

þ concentrations below cloud and thus is a crucial pro-
cess in chemical transport models (Aikawa and Hiraki, 2009; Kajino
and Aikawa, 2015; Xu et al., 2017). To reduce uncertainties of pa-
rameters in models, some field studies were conducted on the
WSCs of aerosols (Okita et al., 1996; Andronache, 2004; Yamagata
et al., 2009). The current below-cloud WSCs of p-NH4

þ are based
on the assumption that precipitation NH4

þ (w-NH4
þ) mainly comes

from fine particulates (with aerodynamic diameters� 2.5 mm;
PM2.5) (Kajino and Aikawa, 2015; Xu et al., 2017). However, this
assumption remains uncertain due to inadequate consideration on
NH3 and coarse p-NH4

þ. During the precipitation, it is difficult to
measure the real-time and vertical variations of atmospheric NH3
and p-NH4

þ concentrations (Asman et al., 1998). Both p-NH4
þ,

especially in coarse particulates, and NH3 concentrations decreased
greatly with the altitude (Georgii and Muller, 1973; Zhang et al.,
2009; Li et al., 2015), approaching zero over cloud base heights
(e.g., 1687m on average; Zhang et al., 2009; Xu et al., 2017). For p-
NH4

þ, the scavenging coefficients of coarse particulates (with di-
ameters >2.5 mm) are higher than those of PM2.5 because of gentler
Brownianmotion and smaller inertia of fine ones (Greenfield, 1957;
Andronache, 2003). Therefore, low below-cloud concentrations of
coarse p-NH4

þ relative to fine p-NH4
þ do not necessarily represent a

negligible contribution to w-NH4
þ due to its higher scavenging co-

efficients (Greenfield, 1957; Andronache, 2003; Li et al., 2014). For
NH3, the Henry constant for solution in pure water is about
6.0� 10�1mol m�3 Pa�1 (Sander, 2015). Theoretical studies indi-
cated that in addition to NH3, fine p-NH4

þ and coarse p-NH4
þ sub-

stantially contributed to w-NH4
þ (Behera et al., 2013; Li et al., 2014).

A study at Canadian rural locations estimated high NH3 scavenging
contributions (ca. 30%) to w-NH4

þ (Cheng and Zhang, 2017). How-
ever, based on the precipitation NH4

þ concentrations (expressed as
[NH4

þ]), it is difficult to differentiate the relative importance among
NH3, fine p-NH4

þ and coarse p-NH4
þ for precipitation scavenging,

which is very important to estimate below-cloud WSCs of p-NH4
þ

(Yamagata et al., 2009; Xu et al., 2017).
Natural N isotopes (expressed as d15N values) of w-NH4

þ are
important parameters in recording sources and precipitation
scavenging processes of atmospheric NH3 and p-NH4

þ (Moore,1977;
Freyer, 1978; Heaton, 1987; Altieri et al., 2014). Since 1950s, d15N
values of precipitation NH4

þ (d15N-NH4
þ values) have been applied

for tracing major sources of atmospheric NH3 (Hoering, 1956; Leng
et al., 2017; Liu et al., 2017), mostly based on direct d15N compari-
sons between NH4

þ in daily- or event-based rainwater and NH3 from
emission sources (e.g. Felix et al., 2013). There is a lack of knowl-
edge on the relative importance of NH3, fine p-NH4

þ, and coarse p-
NH4

þ to w-NH4
þ, which is important for better interpreting precip-

itation d15N-NH4
þ values and variations. Due to the development of

d15N analytical methods (Garten, 1992; Liu et al., 2014), d15N values
of NH3 and p-NH4

þ were characterized in different field circum-
stances in past decades (Fig. 1). The observed d15N values showed
distinct differences among NH3, NH4

þ in PM2.5 and TSP (total sus-
pended particulates) (hereafter expressed as PM2.5-NH4

þ and TSP-
NH4

þ, respectively) (Fig. 1). Due to the large kinetic isotope frac-
tionations during agricultural NH3 volatilization, the d15N values
(mean± SD values) of NH3 (�16.7± 11.5‰; n¼ 122; Smirnoff et al.,
2012; Chang et al., 2016; Felix et al., 2017; Savard et al., 2017) are
significantly lower than those of PM2.5-NH4

þ (d15NPM2.5-NH4þ:
6.6± 10.2‰; n¼ 184; Smirnoff et al., 2012; Proemse et al., 2012; Lin
et al., 2016; Park et al., 2017) and TSP-NH4

þ (d15NTSP-NH4þ:
16.1± 6.8‰; n¼ 94; Yeatman et al., 2001; Kundu et al., 2010;
Savard et al., 2017) (p< 0.05) (Fig. 1). For atmospheric NH3, the
relative contributions of different NH3 emission sources directly
determine its d15N signatures and ranges. Differently, 15N enrich-
ment in p-NH4

þ relative to NH3 is mainly caused by the large frac-
tionations of equilibrium reaction between NH3 and p-NH4

þ

(Heaton et al., 1997). The p-NH4
þ is mostly produced by the sec-

ondary reactions of NH3 with acids, with quite lower contributions
from primary particulates. Accordingly, different NH3 emission
sources with different NOx and SO2 emissions (Seinfeld and Pandis,
2006; Wang et al., 2013) potentially influence the NH3 4 NH4

þ

equilibrium and associated isotope effects thus the d15N values of
corresponding p-NH4

þ. Depending on in-situ physical and chemical
conditions, p-NH4

þ may experience more equilibrium exchanges
with NH3 during the long-range transportation (Skinner et al.,
2004, 2006; Felix et al., 2014). As fine particulates have already
included in and mixed with the coarse particulates during the
collection of TSP, d15NTSP-NH4þ values were virtually the bulk d15N
values of fine and coarse p-NH4

þ. If the equilibrium isotope effects
with NH3 do not differ between TSP-NH4

þ and PM2.5-NH4
þ, one

possible reason for higher d15N values in TSP-NH4
þ than PM2.5-NH4

þ

is that TSP includes more primary NH4
þ sources (e.g., d15N¼ about

20 e 34‰ for primary p-NH4
þ from livestock wastes; Savard et al.,

2017) than PM2.5 (Wang et al., 2011, 2013; Guo et al., 2014).
Differently, PM2.5-NH4

þ is chiefly produced by the secondary re-
actions between 15N-depleted NH3 (Fig. 1) and acids (Seinfeld and
Pandis, 2006; Wang et al., 2013).
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Intra-event d15N variations of N ions contain critical information
on scavengingmechanisms of gaseous and particulate N precursors
(Heaton, 1987), but very few works have been conducted on NH4

þ.
For NO3

�, studies revealed the role of air mass back trajectories and
atmospheric oxidation in regulating intra-event d15N variations of
NO3

� (Buda and DeWalle, 2009; Felix et al., 2015). Heaton (1987)
stressed the importance of selective washout of N bearing com-
pounds in controlling d15N variations of NO3

� during storms. Un-
fortunately, no further work has been conducted to test this
hypothesis. For NH4

þ, Xiao et al. (2015) interpreted the intra-event
variations of NH4

þ concentrations and d15N values based on the
Rayleigh model. However, the interpretation based on the Rayleigh
model has had to assume precipitation NH4

þ pools as closed systems
(Xiao et al., 2015). Moreover, the in-cloud and below-cloud p-NH4

þ

contributions to precipitation NH4
þ, and the differing scavenging of

NH3 and p-NH4
þ have not beenwell considered. Based on the steady

state box model, the study by Altieri et al. (2014) has stressed in-
fluences of scavenging both NH3 and p-NH4

þ on precipitation d15N-
NH4

þ values. This study aimed to characterize d15N differences be-
tween NH3 and p-NH4

þ (PM2.5-NH4
þ or TSP-NH4

þ) and then interpret
intra-event d15N-NH4

þ variations (Fig. 2b) observed at Guiyang by
Xiao et al. (2015). Different scavenging between NH3 and p-NH4

þ

(TSP-NH4
þ or PM2.5-NH4

þ) across rain events can improve the un-
derstanding of precipitation d15N-NH4

þ values and provide useful
information for modeling precipitation scavenging of atmospheric
p-NH4

þ.
Fig. 2. The patterns of precipitation NH4
þ concentrations (a) and d15N-NH4

þ (b) variation
shown by the time lengths (in Ln, because of very variable time lengths and sampling inter
event. Precipitation d15N-NH4

þ variations were depicted by the differences of d15N-NH4
þ value

the later sample minus that of the former one). The Dd15N-NH4
þ values of positive, zero and

(both X and Y) showed mean values and SE values, respectively. Different letters (a, b, c) in t
time lengths or with too long intervals between adjacent collections could not be integrated
pattern in this study. Details of rain events are given in Fig. S1.
2. Materials and methods

2.1. Study site and sample collection

The study site was located in the Institute of Geochemistry,
Chinese Academy of Sciences (CAS) (106�430 E, 26�340 N), which is a
typical urban site of Guiyang, southwestern China. Guiyang is one
of the major cities suffering from severe acid deposition since the
1980s (Xiao et al., 2015). The annual rainfall at Guiyang (1174mm in
2009) has a distinct seasonality, with 70% falling during thewarmer
months (April to September) and much less precipitation in the
cooler months (October to March).

Precipitation samples were collected on the roof of a building of
the State Key Laboratory of Environmental Geochemistry, CAS (Xiao
et al., 2015). Briefly, rain samples were collected by using two
aluminous sheets (projection area: 2.1m� 1.7m), which was fixed
1.5m above the roof of a building by aluminous-alloy bracket.
Before sampling, the aluminous sheets were cleaned with Milli-Q
water and dried. Between rain events, the collection device was
covered with a large clean polyethylene sheet in order to avoid the
dry deposition and other pollutants. When each rain event began,
the polyethylene sheet was removed, then rainwater from the
aluminous sheets was collected sequentially by acid-cleaned plastic
bottles. The time lengths of sample collections were determined
roughly by the demand of rainwater amount for chemical analyses,
depending on corresponding rain intensities. In this study, rain
s along the time course of rain events at Guiyang, SW China. The time course was
vals among different events) from each sampling point to the beginning point of each
s between two adjacent rain samples along each event (Dd15N-NH4

þ: d15N-NH4
þ values of

negative values indicated increases, no difference and decreases. The squares and bars
he legend mark significant differences at the level of P< 0.05. As events with too short
together, 12 out of 20 rain events (Xiao et al., 2015) were used to show the integrated
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water samples of 12 events (from 31st-Oct, 2008 to 29th-Sept, 2009)
were collected (Xiao et al., 2015). Upon collection, precipitation
samples were filtered using a 0.45 mm acetate membrane filters.
The filtered samples were poisoned by adding HgCl2 and frozen to
prevent microbial conversion before concentration and nitrogen
isotope analyses of NH4

þ.

2.2. Chemical analyses

The [NH4
þ] in rain samples were determined colorimetrically

(detailed in Xiao et al., 2015). For d15N analysis, NH4
þ in rain samples

was separated, purified, and converted to (NH4)2SO4 or NH4HSO4
salts using the diffusion method (detailed in Xiao et al., 2015).
Similar to Sebilo et al. (2004), about 50 mg-N of NH4

þ salts were
weighed into small tin cups (43.5� 5) and then analyzed for N
isotopes (15N/14N) by an elemental analyzer combustion contin-
uous flow isotope ratio mass spectroscopy (EA-C-CF-IRMS, EAIso-
Prime 100, Euro3000, GV instruments, United Kingdom). Milli-Q
water in empty sampling bottles was measured by the same
method as precipitation samples for blank calibrations. One inter-
national standard (IAEA-N-2; (NH4)2SO4, d15N¼ 20.3‰) and two
laboratory standards (KNO3, d15N¼ 21.17± 0.34‰
and �1.98± 0.16‰, respectively) were measured with the samples
for isotopic calibrations. The analytical precision was better than
0.1‰ (Xiao et al., 2015). The natural abundance of 15N (d15N) was
expressed in parts per mil by multiplying them by 1000:

d15N ¼
�
Rsample

.
Rstandard

�
� 1; (1)

where Rsample and Rstandard are 15N/14N in samples and the standard
(atmospheric N2), respectively.

2.3. Statistical analyses

Statistical analyses were conducted by SPSS 12.0 software
packages for Windows (SPSS science, Chicago, USA). One-way
ANOVA (Duncan and LSD (Least Significant Difference) methods)
was performed for examining statistically significant differences at
the level of P< 0.05.

3. Results

3.1. Precipitation [NH4
þ] along the time course of rain events

The durations of rain events ranged from 12minutes to
102minutes, and the time intervals between adjacent sample col-
lections varied from less than 1minute to 22 minutes (Fig. S1). The
[NH4

þ] varied between 29.1 mmol/L and 675.2 mmol/L for rain sam-
ples of all events, showing distinct intra-event fluctuations (with
magnitude of 0 e 307.4 mmol/L between adjacent sample collec-
tions) (Fig. S1a). Generally, a decreasing pattern existed for the
[NH4

þ] along the time course of almost all events, but the variations
of precipitation [NH4

þ] actually exhibited three stages of decreasing,
increasing, and decreasing across the rain events (Fig. 2a and
Fig. S1a). However, because of very variable time lengths and in-
tervals among different events, it is difficult to describe the com-
mon pattern of [NH4

þ] variations observed in different rain events.
Therefore, in order to achieve a clearer intra-event pattern of pre-
cipitation [NH4

þ] variations, the time lengths (T) from sampling
time points to the beginning time point of corresponding rain
events were converted to Ln values (i.e., Ln [T]) (Fig. 2 and Fig. S1).
The differences of [NH4

þ] between adjacent sample collections
(hereafter as D[NH4

þ]) were calculated by using the [NH4
þ] of the

later sample minus that of the former one (Fig. 2a). Accordingly,
positive, zero, and negative D[NH4
þ] values indicated decreases, no

difference and increases of precipitation [NH4
þ] across rain events.

Finally, collections with similar Ln [T] values in the same stage of all
events were grouped to show a common D[NH4

þ] pattern (Fig. 2a).
The mean± SE values of D[NH4

þ] values were �50.6± 28.3 mmol/
L, �35.2± 18.1 mmol/L, �28.5± 8.7 mmol/L and �1.6± 5.9 mmol/L
across the first stage, 16.4± 11.0 mmol/L across the second
stage, �6.1± 14.3 mmol/L, �0.6± 15.4 mmol/L and 30.2± 22.2 mmol/
L across the third stage (Fig. 2a).

3.2. Precipitation d15N-NH4
þ values along the time course of rain

events

The d15N-NH4
þ values varied between �35.3‰ and �3.6‰ for

rain samples in this work, also showing distinct intra-event fluc-
tuations (with magnitude of 0 e 20.7‰ between adjacent sample
collections) (Fig. S1b). Similar to that of [NH4

þ], a decreasing pattern
existed for the d15N-NH4

þ values along the time course of almost all
events, but the d15N-NH4

þ variations generally exhibited three
stages of decreasing, increasing, and decreasing across the rain
events (Fig. 2b and Fig. S1b). The differences of d15N-NH4

þ values
between adjacent sample collections (hereafter as Dd15N-NH4

þ

values) were also calculated by using the d15N-NH4
þ values of the

later sample minus that of the former one (Fig. 2b). Also, collections
with similar Ln [T] values in the same stage of all events were
grouped to show a common Dd15N-NH4

þ pattern (Fig. 2b). The
mean± SE values of Dd15N-NH4

þ values
were �3.4± 1.6‰, �1.6± 2.6‰, �2.6± 1.0‰ and �1.5± 1.2‰
across the first stage, 2.6± 0.8‰ across the second stage,
0.4± 0.7‰, �1.1± 1.1‰ and �0.5± 2.2‰ across the third stage
(Fig. 2b). Distinctly, both D[NH4

þ] and Dd15N-NH4
þ values showed

significant increases in the fifth grouping, i.e., the second stage,
before which continuous decreases were observed across the first
stage. Differently, mostD[NH4

þ] orDd15N-NH4
þ values turned back to

be negative in the third stage.

4. Discussion

Atmospheric NH3 and p-NH4
þ are direct sources of w-NH4

þ

(Kajino and Aikawa, 2015). The general decreases of precipitation
[NH4

þ] aross rain events (Fig. 2a and Fig. S1a) indicated more rapid
removal than replenishment of NH3 and p-NH4

þ in the atmosphere.
In other words, the concentration pattern (Fig. 2a) showed a
distinct decrease of atmospheric NH3 and p-NH4

þ available to pre-
cipitation scavenging along the time course of rain events. How-
ever, this could not provide insights into the relative importance
between NH3 and p-NH4

þ during precipitation scavenging
processes.

Precipitation d15N-NH4
þ values may integrate d15N values of NH3

and p-NH4
þ sources and isotopic effects of scavenging processes

(Altieri et al., 2014). The rainout and washout of NH3 and p-NH4
þ are

major processes regulating precipitation d15N-NH4
þ values along the

time course of rain events (Andronache, 2003; Dusek et al., 2006).
Across a rain event, precipitation d15N-NH4

þ variations can be
resulted from two main aspects: (1) physical and chemical pro-
cesses related to precipitation scavenging of NH3 and p-NH4

þ; (2)
proportional contributions between NH3 and p-NH4

þ with different
d15N values (Fig. 1).

First, the rainout and washout of p-NH4
þ include nucleation

scavenging and impaction scavenging (Andronache, 2003), during
which no substantial isotope effects were assumed (Altieri et al.,
2014; Liu et al., 2017). For the scavenging of NH3 into rain drops,
precipitation d15N-NH4

þ values were mainly influenced by the
diffusion, ionization and equilibrium processes (Li et al., 2012; Xiao
et al., 2015). The NH3 diffusion into the rain drops has a kinetic
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isotope effect, resulting in relatively 15N-depleted w-NH4
þ than NH3

(Xiao et al., 2015). Accordingly, if NH3 diffusion dominated intra-
event precipitation d15N-NH4

þ variations, it should have increased
d15N-NH4

þ values in rainwater along the time course of rain events
because the 14N-enriched NH3 prefers to be accumulated in rain
samples in earlier collections of rain events (Fry, 2006). Isotope
fractionations during the ionization process (NH3(aq) / NH4

þ
(aq))

has been assumed to be small or negligible (Delwiche and Steyn,
1970; H€ogberg, 1997). However, the NH3(gas) 4 NH4

þ
(aq) equilib-

rium would cause d15N fractionations of 36‰ (Moore, 1977), 31‰
(Freyer, 1978), and 29.7‰ (Hanschmann, 1981) in w-NH4

þ. Recently,
isotope effects of the NH3(gas) 4 NH3(aq) equilibrium were also
found to be high (>7.6‰; Li et al., 2012), causing relatively 15N-
enriched w-NH4

þ than NH3. In this study, precipitation d15N-NH4
þ

values (�35.3‰ to �3.6‰; Fig. S1b) were not significantly higher
than those of the d15N-NH3 values (�16.7‰; Fig. 1), suggesting that
the equilibria did not dominate precipitation d15N-NH4

þ signatures
and variations (Fig. S1b). Besides, NH3 emissions and its trans-
portation with air mass during the rain events potentially influ-
enced the precipitation [NH4

þ] and d15N-NH4
þ variations (Fig. 2). The

back-trajectory analyses during rain events (2 h) showed that the
ranges of air mass movements were generally less than 100 km
(Fig. S2), indicating a negligible influence from NH3 emissions and
p-NH4

þ transportation from areas out of Guizhou province. Ac-
cording to the total amount of NH3 emissions estimated for Guiz-
hou province (466.8 kt in 2010; Greenhouse Gas and Air Pollution
Interactions and Synergies Model; available online: http://www.
iiasa.ac.at/), the proportion of NH3 emission amount (3.6mg-N;
calculated for the sampler area) to precipitation NH4

þ amount (c.a.
103.6mg-N; calculated for the sampler area) during the rain events
(2 h) averaged 3.5%. Accordingly, NH3 emissions and transport
should not be responsible for the observed variations of NH4

þ

concentrations and isotopes across our rain events.
Second, the intra-event d15N-NH4

þ variations exhibited a uni-
form pattern that includes three-stage variations of decreasing,
increasing, and decreasing along the time course of rain events
(Fig. 2b), which reflected different contributions between NH3 and
p-NH4

þ. As the d15N-NH3 values are significantly lower than d15N
values of p-NH4

þ (Fig. 1), the d15N-NH4
þ decreases across the first

stage (Fig. 2b) were primarily attributed to more decreases in
scavenging p-NH4

þ than NH3 (Fig. 3 and Fig. S1a). Then the d15N-
NH4

þ increases across the second stage (Fig. 2b) were primarily
resulted frommore increases in scavenging p-NH4

þ than NH3 (Fig. 3
Fig. 3. Proportional contributions of NH3 and p-NH4
þ to w-NH4

þ along the time course o
d15N values of atmospheric NHx (NH3 and NH4

þ in PM2.5 or TSP; Fig. 1) and w-NH4
þ (Fig. S1b

grouping were used for calculating the mean± SE values. For the first stage, NH3 and TSP-NH
(Scenario 1: NH3 and NH4

þ in TSP as sources, Scenario 2: NH3 and NH4
þ in PM2.5 as sources
and Fig. S1a). Finally, the d15N-NH4
þ decreases across the third stage

were mainly caused by more decreases in scavenging p-NH4
þ than

NH3 (Fig. 3 and Fig. S1a).
In order to more clearly interpret the relative importance be-

tween NH3 and p-NH4
þ in regulating precipitation d15N-NH4

þ vari-
ations, the isotope mass-balance method based on the Stable
Isotope Analysis in R (named SIAR model; http://cran-project.org/
web/packages/siar/index.html; Parnell, and Jackson, 2008) was
used to estimate the proportional contributions (F) of NH3 and p-
NH4

þ to w-NH4
þ (Fig. 3). The SIAR model uses the Markov Chain

Monte Carlo procedure to establish a logical prior distribution for
estimating F values, and then to determine the probability distri-
bution for the F values of each source (NH3 and NH4

þ in PM2.5 or TSP;
Fig. 1) to the mixture (w-NH4

þ; Fig. S1b). By considering the vari-
abilities of d15N values in both sources and precipitation, this model
potentially provides reliable estimations of NH3 and p-NH4

þ to w-
NH4

þ. In this work, due to the lack of local source data, our calcu-
lations were based on the assumption that d15N values of NH3 and
p-NH4

þ at our study site also differ distinctly as those typical values
reported throughout the globe (Fig. 1). Because PM2.5 have been
included in and mixed with the coarse particulates during the
collection of TSP, d15NTSP-NH4þ values were used as d15N values of p-
NH4

þ in this study. On average, the NH3 contributed 67 e 93%
(relative to TSP-NH4

þ) for groupings of all three stages (Fig. 3).
Across the first stage, proportional contributions of TSP-NH4

þ

decreased from 33% to 7%, while those of NH3 increased corre-
spondingly (Fig. 3). Because precipitation [NH4

þ] also decreased
distinctly across the first stage (Fig. 2a and Fig. S1a), decreases in
scavenging amounts of p-NH4

þ were actually more than those of
NH3 (Fig. 3 and Fig. S1a). This is the main reason for decreasing
precipitation d15N-NH4

þ values across the first and third stages
(Fig. 2b). Similarly, the increases of d15N-NH4

þ values across the
second stage were resulted primarily from more increases in
scavenging amounts of p-NH4

þ than those of NH3 (Fig. 3 and
Fig. S1a). Besides, PM2.5-NH4

þmight dominate the p-NH4
þ scavenged

by precipitation across the second and third stages. First, it has been
known that during the rainout, cloud droplets scavenged PM2.5
mostly (Heintzenberg et al., 1989; Hao et al., 2013), which would
dominate in the later stages of rain events (Aikawa et al., 2014).
Second, atmospheric particulates (particularly for coarse ones) are
efficiently removed via washout at the beginning of rain events
(Greenfield, 1957; Andronache, 2003; Aikawa et al., 2014).
Accordingly, the proportional contributions between NH3 and
f rain events at Guiyang, SW China. Proportional contributions were estimated using
) in the SIAR model. The percentage data (n¼ 10000) output from this model for each
4
þ were regarded as sources. For the second and third stages, analyses of two scenarios

; explained in the Discussion) were conducted.

http://www.iiasa.ac.at/
http://www.iiasa.ac.at/
http://cran-project.org/web/packages/siar/index.html
http://cran-project.org/web/packages/siar/index.html
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PM2.5-NH4
þ to w-NH4

þ were also evaluated specifically for the sec-
ond and third stages (Fig. 3).

Previously, the scavenging of particulate pollutants has been
evaluated by measuring the concentrations of pollutants in par-
ticulates and precipitation that simultaneously collected, which
was also performed on precipitation removal of p-NH4

þ (Cheng and
Zhang, 2017; Xu et al., 2017). However, it remains very difficult to
adequately constrain the scavenging of NH3 and coarse p-NH4

þ.
From this perspective, our isotopic evidence provided a clearer
understanding of how different scavenging between NH3 and p-
NH4

þ influenced intra-event d15N-NH4
þ variations, which is useful

for better modeling precipitation scavenging of atmospheric p-
NH4

þ.

5. Conclusion

Generally decreased NH4
þ concentrations along the course of

rain events investigated by Xiao et al. (2015) reflected decreasing
scavenging of NH3 and p-NH4

þ, while different scavenging between
NH3 and p-NH4

þ was the main regulating factor for intra-event
d15N-NH4

þ variations. Using the d15N values of NH3, PM2.5-NH4
þ,

and TSP-NH4
þ, proportional contributions of these precursors to w-

NH4
þ were further evaluated by a Bayesian isotope mixing model.

The intra-event d15N-NH4
þ decreases were primarily attributed to

the more decreases in scavenging 15N-enriched p-NH4
þ than 15N-

depleted NH3, while intra-event d15N-NH4
þ increases were mainly

due to more increases in scavenging p-NH4
þ, especially PM2.5-NH4

þ,
than NH3. This study revealed useful mechanisms for using pre-
cipitation d15N-NH4

þ values to better interpret major sources of
atmospheric NH3, as well for modeling precipitation scavenging of
atmospheric p-NH4

þ.
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