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ARTICLE INFO ABSTRACT

It is generally difficult to measure atmospheric gaseous ammonia concentration and to identify its
sources by isotopic technique due to the isotopic fractionation after it enters the atmosphere. In
this study, Rayleigh model was successfully used to quantify atmospheric concentration and
isotopic composition of gaseous ammonia based on sampling of 20 rain events from October 1st,
2008 to September 30, 2009 in Guiyang, southwest China. The estimated gaseous ammonia
concentration was 25.7 + 36.3 ug/m> and estimated isotopic composition was —16.8 + 4.9%. in
Guiyang. The study also showed that estimated enrichment factor was +10.4 4+ 4.3%., inferring
that large nitrogen isotopic fractionation occurred during exchange reactions in most of the rain
events. The atmospheric ammonium deposition was further estimated to be 38.1 kg/ha/year.
However, there is no validation for the approach from an actual gas phase NH; measurement to

Article history:

Received 10 October 2014

Received in revised form 27 January 2015
Accepted 27 January 2015

Available online 4 February 2015

Keywords:

Rayleigh model
Initial concentration
Enrichment factor

Initial nitrogen isotope
Ammonia

examine the model in this study.
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1. Introduction

Ammonia volatilization is an important pathway to account
for atmospheric ammonia in many Chinese agricultural areas,
particularly those with calcareous soils (Lin and Liang, 1992).
The contribution of ammonia volatilization is higher from
wastes of domestic animal than from fertilizer use in China
because domestic animal production has increased greatly
since the late 1980s (Bouwman et al., 2002; Xiao et al., 2012,
2013; Liu et al, 2013). In Guiyang, southwest China, for
example, the ammonium concentration has increased about
for 1.8 times from 1984 to 2009 in rainwater (Galloway et al.,
1987; Xiao et al.,, 2012). Excessive nitrogen inputs have led to
debate on the nitrogen balance between aquatic and terrestrial
ecosystems, and many negative effects on atmospheric envi-
ronment and human health (Krupa, 2003; Huang et al., 2011;
Hu et al,, 2014).
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Knowledge of the sources and behaviors of ammonia is a
key for pollution control. However, it is difficult to understand
the ammonia sources and behaviors only by the traditional
analysis of ammonia concentration. Stable nitrogen isotopic
[6"°N (%o vs at-air) = (Rsample/Rstandara — 1) x 1000] analysis
has become a robust tool in atmospheric environment research.
5!°N-NHZ has been used to investigate the sources of nitrogen
in many areas (Freyer, 1978; Heaton, 1987; Garten, 1992; Xiao
et al, 2012). The nitrogen isotopic composition in rainwater
can be affected by in-cloud and below-cloud chemical-physical
processes (Heaton, 1987; Xiao et al, 2012). The exchange
reaction and unidirectional reaction have been both observed
in rain process (Freyer, 1978; Heaton, 1987), but the reasons
for these phenomena are not clear.

In this study, we report the ammonium &'°N trend of 20
sequentially sampled rain events from October 1st, 2008 to
September 30, 2009 in Guiyang, southwest China. The main
objective of our investigation is to study whether the Rayleigh
model can be used to estimate atmospheric concentration and
source of ammonia, and to trace the isotopic processes during
rain events.
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2. Materials and methods
2.1. Sample collection and chemical and isotopic analysis

The sampling location is in the Institute of Geochemistry,
Chinese Academy of Sciences, which locates in a typical urban
area. The sequential sampling of rainwater was carried out by a
custom sampler, made up of two aluminum sheets (projection
area: about 7.2 m?), and fixed at 1.5 m above the roof of a 3 m
building. The sheets were cleaned by Milli-Q water and dried in
air before use. Between rain events, the collection device was
covered with a clean large polyethylene sheet in order to avoid
the dry deposition and other pollutants. When it begins to rain,
the clean large polyethylene sheet was removed and sequential
sampling rainwater was collected from the aluminous sheet
into 1.5 L pure plastic bottles (some were more or less than
1.5 L, more information in Table S1).

After collection, pH, electrical conductivity and temperature
were immediately measured by a WTW Multi 360i pH meter.
Water samples were filtered with thoroughly cleaned 0.45 pm
acetate membrane filters.

The data of NHZ and 6'°N were from our previous field data
published earlier (Xiao et al., 2012) and shown in Table S1.

2.2. The Rayleigh model description

Gaseous ammonia that dissolves into raindrops and ammo-
nium particles are both captured. Ammonium concentrations
in particles were reduced only about 34% in rainy days in
Guiyang (Xiao and Liu, 2004). The scavenging coefficients of
gaseous ammonia and 0.5 um ammonium particles are between
0.6and 12h~ ' and 1 x 107* h™! in below-cloud scavenging,
respectively (Shimshock and Pena, 1988; Seinfeld and Pandis,
1998; Mizak et al, 2005), suggesting that the below-cloud
scavenging of ammonium particles can be ignored. More
than 88% of ammonium in rainwater comes from below-
cloud scavenging of gaseous ammonia in agricultural or
industrial areas (Oberholzer et al., 1993; Shen et al., 1993;
Mizak et al., 2005). Further, the initial in-cloud ammonium
concentration is also considered to be negligible because
ammonium concentration was below detection limit in
cloud water in Guiyang (Shen et al., 1993; Tanner et al.,
1997; Xiao and Liu, 2002). The Rayleigh model can be
described by equation below:

R =Rof*! 1)

where Rg is the nitrogen isotopic ratio of initial ammonia
while R; is instantaneous isotopic ratio of residual ammonia
in the atmosphere; and f is the proportion of residual
ammonia.

According to the hypothesis, rain drops only acquire
ammonia from atmospheric gaseous ammonia and no new
ammonia gas enters into the atmosphere during a rain
event. So, there is a mass balance and an isotopic balance
between atmospheric gaseous ammonia and ammonium in
rainwater:
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where Cyo(ug/m®), Cui(ug/m®) and C;(mg/L) are initial
atmospheric ammonia concentration, instantaneous am-
monia concentration after i rainwater sample, and ammo-
nium concentration in i rainwater sample, respectively;
8'°Ngo, 8'°Ng; and §'°Ny; are initial atmospheric ammonia
nitrogen isotopic composition, instantaneous ammonia
nitrogen isotopic composition after i rainwater sample,
and ammonium nitrogen isotopic composition in i rainwa-
ter sample, respectively; V; (L) is the volume of i rainwater
sample; Z (m) is the cloud base height calculated by
temperature and relative humidity; and A, is the projection
area of sampler (7.2 m?).
The Rayleigh equation of ammonia in the atmosphere is:
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where ¢ is isotope enrichment factor.
Eqgs. (2) and (3) are substituted into Eq. (4), we get:
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Then, §'*Ngo, Cgo and ¢ can be calculated by the software of
1stOpt, used the actual data of Cj;, V;, and 8!°Nj; in rainwater in
Table S1 (detail calculated information in Supplementary Text
S1). Because the calculated Cy depends on cloud base height
(2), which is calculated by temperature and relative humidity,
it increases a propagation of error in calculated Cgo.

And the atmospheric ammonium deposition defined as:

Annual atmospheric ammonium deposition = annual
average concentration of NH; x cloud base height x 365.

3. Results
3.1. Results of Rayleigh model

The estimated NH3 concentrations ranged from 1.4 pg/m> to
129.5 pg/m>, with the average of 25.7 + 36.3 ug/m> (Table 1).
The average concentration of NHs was a little higher than those
reported in many cities (Meng et al., 2011 and references
within), because the ammonia emission is higher in Guiyang,
and/or the error may come from both the calculation itself
of software and cloud base height calculated by temperature
and relative humidity. According to initial NH3 concentrations
and cloud base height, the atmospheric NH3 deposition was
estimated to be 38.1 kg/ha/year in Guiyang, close to the results
of 30.2 kg/ha/year (maximum value of 44.7 kg/ha/year) re-
ported by Liu et al. (2008). The contribution of wet deposition
to the total ammonium deposition was 49% in Guiyang (Xiao
and Liu, 2011), and the ammonium concentration in rainwater
was 112.9 peq/L and the amount of rainfall was 1174 mm (Xiao
et al., 2012, 2013), resulting in an atmospheric NH3 deposition
of 36.7 kg/ha/year.
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Table 1
Precipitation event characteristics and application of the Rayleigh model to calculated initial 5'°N value, concentration and enrichment factor (&).

Date/order Duration Intensity Precipitation #Cloud base Initial 8'°N Initial NH3 Enrichment

(mm/h) (mm) height (m) (%) concentration (pg/m?>) factor € (%o)
2008.10.31/01 01:16-02:24 144 2.08 611 —185 19.1 6.4
2009.01.05/02 03:00-18:33 0.12 1.93 419 —134 67.4 5.7
2009.02.26/03 18:00-22:00 0.44 1.78 116 —16.6 129.5 9.5
2009.02.27-1/04 00:00-00:55 5.00 4.58 352 —18.0 85.6 10.5
2009.02.27-2/05 19:00-21:36 3.19 831 479 —-8.1 104.0 12
2009.03.29/06 21:00-23:25 1.18 2.85 1568 —14.1 93 113
2009.03.30/07 22:55-23:20 3.00 1.25 1409 —135 2.6 74
2009.04.08/08 22:10-01:21 145 4.06 1249 —18.7 19.7 11.0
2009.04.11-1/9 19:46-21:52 9.14 19.19 3055 —439 18.0 34.8
2009.04.11-2/10 23:00-00:20 5.19 6.92 668 —17.1 249 8.2
2009.04.15/11 19:46-20:18 3.80 2.15 2799 —145 4.1 8.0
2009.04.18/12 16:50-21:07 0.41 1.74 1897 —15.5 4.9 12.7
2009.04.28/13 22:00-00:43 2.61 7.08 446 —16.9 442 7.6
2009.05.05/14 20:50-22:30 522 8.79 1697 —13.2 322 1.1
2009.05.19/15 10:54-18:00 0.35 248 946 —338 89 14.9
2009.06.01/16 20:30-21:28 1.87 1.81 956 —175 74 15.7
2009.07.02/17 15:50-16:18 2.68 1.25 1660 —16.1 2.0 34
2009.09.15/18 02:00-03:09 1.57 1.81 1926 —115 15 89
2009.09.20/19 11:00-11:08 6.25 0.83 1660 —12.0 14 203
2009.09.27/20 03:00-03:42 3.98 292 1668 —18.7 3.6 15.2
Average - 294 419 1279 —16.8 + 4.9° 25.7 + 36.3° 104 + 43°
Max - 9.14 19.19 3055 —-81 129.5 34.8
Min - 0.12 0.83 116 —439 14 1.1

2 Cloud base height was calculated by Hb = (Tdb — Tdew) / 4.4 + 1000 (Hb: cloud base height; Tdb: try bulb temperature in Fahrenheit; Tdew: dew point
temperature in Fahrenheit, https://www.easycalculation.com/weather/cloud-base.php).
" The average values were not included the rain events of 2009.02.27-2, 2009.04.11, 2009.05.05.

The estimated 5'°N values ranged from — 8.1%. to — 43.9%,
with an average of — 16.8 + 4.9%. in gaseous ammonia, close to
the 8°N values (—15.9%.) of ammonium in rainwater in
Guiyang (Xiao et al., 2012). The enrichment factors (&) range
from + 1.1%. to 4 34.8%., with average value of + 10.4 4= 4.3%..
Xiao and Liu (2002) reported the isotope enrichment factor (€)
was about + 7.8%. in summer in Guiyang. The € was calculated
to be + 5.0%. by Moore (1977), + 7.6%o, + 15.3%., + 15.7%. by
Urey (1947), Scalan (1958), Hanschmann (1981) and Li et al.
(2012). These indicated that '>’NH; was preferentially dissolved
in rain by exchange reactions.

3.2. Comparisons between estimated and experimental results

By using atmospheric initial concentration (Cyp), 5'°N value
(8"°Ngo) and isotope enrichment factor (&), '°N value in every
sequential sample (8'°Ng;) was calculated by Rayleigh model
(Eq. (4)). Those modeled results are shown in Fig. 1, consistent
with the observed values (y = 0.89x, R = 0.38, p < 0.0001),
which includes the data reported by Heaton (1987). As shown
in Fig. 2, the atmospheric initial 5'°N values were slightly lower
than average 6'°N values in rainwater. The maximum value of
the difference between §'°N in rainwater and that in the
atmosphere was 22.8%. in 2009.04.11-1 rain event and the
minimum was close to 0%. in 2009.02.27-2 and 2009.05.05 rain
events. All fvalues in 8 rain events did not reach 0 as shown in
Fig. 3, indicating that gaseous ammonia was not completely
removed by rainwater. >’NH; was preferentially incorporated
into raindrops by exchange reactions whereas *NH; was
preferentially left in the atmosphere, resulting in more negative
6'°N value in the next rain event (Xiao et al., 2012). According
to Heaton (1987), the §!°N value of rainwater is expected to
decrease during the course of a single rain event. As shown in

Fig. 3, the 5'°N value of gaseous ammonia in the atmosphere
becomes more and more negative with decreasing residual
atmospheric gaseous ammonia. Our model hypothesizes that
no new gaseous ammonia is added during the scavenging
process and the type of removal process is not changed
(Heaton, 1987). However, some &'°N values in rainwater do
not fit the curve very well, such as 5 May rain events. When
standard deviation values of average rainfall intensity became
higher (rainfall intensity became more variable), the model
became less accurate to estimate the 8'°N value in rainwater.
As shown in Fig. 3, the ¢ of 5 May (1.1%.) was much lower than
others because of large variation in rainfall intensity (standard
deviation value of 5.2 of average rainfall intensity), suggesting
that the Rayleigh model is not applicable in rain events with
relatively large changes in rainfall intensity. Rayleigh model
does not work well for large rainfall intensity either. For
example, during the 11-1 April event with a rainfall intensity of
9 mmy/h, the modeling result gave a value of + 34.8%., much
larger than the other results modeled. Similar result was also
observed in August in Guiyang with high rainfall intensity
(Xiao et al., 2012). Freyer (1978) suggested that this phenom-
enon reflected kinetic solution of NHs in which solution of the
14NH; was favored.

4. Discussion

Variations of meteorological conditions (e.g. rainfall intensity,
relatively humidity, temperature and wind directions and speed)
would affect the mass transfer (Adewuyi and Carmichael, 1982)
or scavenging processes (Lim et al., 1991). Mass transfer model
are based on the two-film theory proposed by Lewis and
Whitman (1924), which highly soluble gases, such as ammonia,
encounter the primary resistance to transfer from the gaseous film
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Fig. 1. Modeled and measured 6'°N-NHJ for different events at Guiyang and at Pretoria, South Africa (The data in 1985.02.07 and 1985.03.02 at Pretoria South Africa are

from Heaton, 1987).

and NHs absorption is gas phase controlled (Fig. S1; Adewuyi and
Carmichael, 1982). Ammonia absorption behavior of raindrops is
strongly dependent on rain drop size, cloud base height,
atmospheric initial gaseous ammonia concentrations, and the
chemical and physical properties of the constituents of the

mixture (Adewuyi and Carmichael, 1982). In the present study,
significant correlations were observed between rainfall intensity
and concentrations of NHf (y = 5.1 — 12.1 x In(x), R = 048,
p < 0.0001), indicating rainfall intensity (relative to rain drop size)
is important in controlling absorption of ammonia by rain water

10

SUN (%4

I 5'°Nin rainwater
[ Initial 3'*N in the atmosphere

-50 —T T T T T 1 1 T 1
0 2 4 6 8 10 12 14 16 18 20
order

Fig. 2. Atmospheric initial 5N vs. weighted average 6'°N in rainwater in different rain events.
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rain events.
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(Dijk, 2002; Duhanyan and Roustan, 2011). Rain drops absorb
atmospheric gaseous ammonia by three processes (Fig. S1):
process 1 is diffusion, which shows kinetic effect because a greater
diffusion velocity of lighter isotope is expected by the kinetic
energy equation; process 2 tends to have NHs(gas)/NHs(aq) and
NHs3(gas)/NHA (aq) equilibrium, which has a ¢ value range between
+20%0 and + 27%. in NH3(gas)/NHI (ag) €quilibrium system and
between + 5% and 15.7%o in NH3gas)/NH3(aq) €quilibrium system
(Urey, 1947; Scalan, 1958; Moore, 1977; Hanschmann, 1981;
Hogberg, 1997; Tozer, 2006; Li et al, 2012). But the isotope
fractionation in NHs(gas)/NHA (o) equilibrium system is not
important at less than pH 7 (Moore, 1977); and process 3 is
ionization equilibrium and absorption process, which has small or
negligible fractionation (Delwiche and Steyn, 1970; Hogberg,
1997). In general, the diffusion rates are faster than droplet
removal rates and hence equilibrium must be established and the
diffusion process should be relatively unimportant (Moore, 1977).
The combined isotopic effect of these factors is often large (Moore,
1977; Urey, 1947; Scalan, 1958; Hanschmann, 1981; Hogberg,
1997; Li et al., 2012). € controlled by exchange reactions between
gaseous NH3 and NHs/NHJ in rainfall drops may be controlled by
meteorological factors, such as temperature, relatively humidity
and pH (Hogberg, 1997; Li et al,, 2012; Schoonen and Xu, 2001;
Xiao et al, 2012), which affect the rate of gaseous-liquid
equilibrium (Lewis and Whitman, 1924). In the relatively lower
rainfall intensity, rainfall drop has smaller diameter and thus
larger surface area, so can stay longer in the atmosphere (Dijk,
2002), suggesting that the smaller rainfall drop can absorb more
gaseous ammonia and have more time to reach the NHs(g,s)/
NHs(aq) and NHs/NHZ™ equilibrium. On the other hand, when the
rainfall intensity is large, the time for gaseous NHs to diffuse into
the bigger rain drop will be longer. Those may make Kkinetic
isotope fractionation relatively more important in this rain process
and lead to higher nitrogen isotopic value in rainwater. Therefore,
the two-film theory explains well the mechanisms of ammonia
absorption and isotope fractionation.

5. Conclusions

There was an inverse exponential relationship between the
ammonium concentrations and cumulative rainfall for most
of the samples. The isotopic composition of ammonium in
rainwater shows decreasing trend with increase in some
evaporation degree. Based on a Rayleigh model, we estimated
the initial concentration of atmospheric ammonia to be 25.7 +
36.3 ug/m°, initial isotope value of the atmospheric ammonia
to be —16.8 + 4.9%, and the atmospheric ammonium
deposition to be 38.1 kg/ha/year. The estimated enrichment
factor was +10.4 + 4.3%., indicating that '>’NH; was prefer-
entially dissolved into rain water by exchange reactions.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.atmosres.2015.01.023.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China through Grants 41203015(H.W. Xiao),
41273027, 41173027 (H.Y. Xiao), and 40721002 (C.-Q. Liu), as
well as the Strategic Priority Research Program of the Chinese
Academy of Sciences through Grants XDA11030103 and
XDA11020202.

References

Adewuyi, Y.G., Carmichael, G.R,, 1982. A theoretical investigation of gaseous
absorption by water droplets from SO,~HNO3;-NH3-CO,-HCl mixtures.
Atmos. Environ. 16 (4), 719-729.

Bouwman, AF.,, Boumans, L].M., Bajtes, N.H., 2002. Estimation of global NH3
volatilization loss from synthetic fertilizers and animal manure applied to
arable lands and grasslands. Glob. Biogeochem. Cycles 16 (2), 1024.

Delwiche, C.C, Steyn, P.L, 1970. Nitrogen isotope fractionation in soils and
microbial reactions. Environ. Sci. Technol. 4, 929-935.

Dijk, A1J.M.,, 2002. Water and Sediment Dynamics in Bench-terraced Agricultural
Steeplands in West Java, Indonesia. Vrije Universiteit, Amsterdam (PhD
Thesis).

Duhanyan, N., Roustan, Y., 2011. Below-cloud scavenging by rain of atmo-
spheric gases and particulates. Atmos. Environ. 45, 7201-7217.

Freyer, H.D. 1978. Seasonal trends of NH{ and NO3nitrogen isotope
composition in rain collected at Jiilich, Germany. Tellus 30 (1), 83-92.
Galloway, J.N., Zhao, D.W., Xiong, ].L., Likens, G.E., 1987. Acid rain: China, United

States, and a remote area. Science 236 (4808), 1559-1562.

Garten]Jr.,C.T.,, 1992. Nitrogen isotope composition of ammonium and nitrate in
bulk precipitation and forest throughfall. Int. J. Environ. Anal. Chem. 47 (1),
33-45.

Hanschmann, G., 1981. Berechnung von Isotopieeffekten auf quantenchemischer
Grundlage am Beispiel sticksoffhaltiger Molekule. ZFI-Mitt. 41, 19-39.

Heaton, T., 1987. '>N/N ratios of nitrate and ammonium in rain at Pretoria,
South Africa. Atmos. Environ. 21 (4), 843-852.

Hogberg, P., 1997. Tansley review No 95 '°N natural abundance in soil-plant
systems. New Phytol. 137, 179-203.

Hu, G., Zhang, Y., Sun, J., Zhang, L., Shen, X., Lin, W., Yang, Y., 2014. Variability,
formation and acidity of water-soluble ions in PM, 5 in Beijing based on the
semi-continuous observations. Atmos. Res. 145-146, 1-11.

Huang, X,, Qiu, R, Chan, CK, Kant, P.R, 2011. Evidence of high PM, 5 strong
acidity in ammonia-rich atmosphere of Guangzhou, China: transition in
pathways of ambient ammonia to form aerosol ammonium at [NH{]/
[SO37] = 1.5. Atmos. Res. 99, 488-495.

Krupa, S.V. 2003. Effects of atmospheric ammonia (NH;) on terrestrial
vegetation: a review. Environ. Pollut. 124 (2), 179-221.

Lewis, W.K., Whitman, W.G., 1924. Principles of gas absorption. Ind. Eng. Chem.
16 (12), 1215-1220.

Li, L, Lollar, BS. Li, H, Wortmann, U.G., Lacramle-Couloume, G., 2012.
Ammonium stability and nitrogen isotope fractionations for NHj -
NH3(aq)~NH3g5) systems at 20-70 °C and pH of 2-13: applications to
habitability and nitrogen cycling in low-temperature hydrothermal
systems. Geochim. Cosmochim. Acta 84, 208-296.

Lim, B, Jickells, T.D., Davies, T.D., 1991. Sequential sampling of particles, major
ions and total trace metals in wet deposition. Atmos. Environ. Part A Gen.
Top. 25 (3-4), 745-762.

Lin, Z.,, Liang, Z., 1992. Losses of Urea-Nitrogen applied to maize grown on a
calcareous Fluvo-Aquic soil in north China plain. 2 (002), 171-178.

Liu, X\Y., Xiao, H.Y., Liu, C.Q, Li, Y.Y., Xiao, HW., 2008. Stable carbon and
nitrogen isotopes of the moss Haplocladium microphyllum in an urban and a
background area (SW China): the role of environmental conditions and
atmospheric nitrogen deposition. Atmos. Environ. 42 (21), 5413-5423.

Liu, XJ., Zhang, Y., Han, W.X,, Tang, A.H., Shen, J.L., Cui, Z.L., Vitousek, P., Erisman,
JW.,, Goulding, K., Christie, P., Fangmeier, A., Zhang, F., 2013. Enhanced
nitrogen deposition over China. Nature 494, 459-462.

Meng, Z.Y., Lin, W.L, Jiang, X.M.,, Yan, P., Wang, Y., Zhang, Y.M,, Jia, X.F,, Yu, X L.,
2011. Characteristics of atmospheric ammonia over Beijing, China. Atmos.
Chem. Phys. 11, 6139-6151.

Mizak, C.A., Campbell, S;W., Luther, M.E., Carnahan, R.P., Murphy, RJ., Poor, N.D.,
2005. Below-cloud ammonia scavenging in convective thunderstorms at a
coastal research site in Tampa, FL, USA. Atmos. Environ. 39 (9), 1575-1584.

Moore, H., 1977. The isotopic composition of ammonia, nitrogen dioxide and
nitrate in the atmosphere. Atmos. Environ. 11 (12), 1239-1243.

Oberholzer, B., Volken, M., Collett, J.L., Staehenlin, ], Waldvogel, A., 1993.
Pollutant concentrations and below-cloud scavenging of selected N (-III)
species along a mountain slope. Water Air Soil Pollut. 68 (1), 59-73.

Scalan, R.N., 1958. The Isotopic Composition, Concentration, and Chemical State
of the Nitrogen in Igneous Rocks. University of Arkansas.

Schoonen, MAAA, Xu, Y., 2001. Nitrogen reduction under hydrothermal vent
conditions: implications for the prebiotic synthesis of CHON compounds.
Astrobiology 1 (2), 133-142.

Seinfeld, J.H. Pandis, S.N., 1998. From air pollution to climate change.
Atmospheric Chemistry and Physics. John Wiley & Sons, New York, p. 1326.

Shen, Z.L., Wy, Y.X., Xiao, H., Bai, C.H., Huang, M.Y., 1993. Some basic features of
cloudwater chemistry in the southwest area of China (in Chinese with
English abstract). Sci. Atmos. Sin. 17 (1), 87-96.

Shimshock, J.P., Pena, R.G.D., 1988. Below-cloud scavenging of tropospheric
ammonia. Tellus 41B, 296-304.


http://dx.doi.org/10.1016/j.atmosres.2015.01.023
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0200
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0200
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0200
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0200
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0200
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0200
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0200
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0005
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0005
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0005
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0010
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0010
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0205
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0205
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0205
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0015
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0015
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0020
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0020
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0020
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0020
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0020
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0020
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0025
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0025
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0035
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0035
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0035
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0040
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0040
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0210
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0210
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0210
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0210
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0050
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0050
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0050
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0055
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0055
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0055
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0055
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0060
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0065
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0065
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0065
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0215
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0215
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0070
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0070
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0070
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0070
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0070
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0070
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0070
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0070
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0075
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0075
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0075
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0220
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0220
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0095
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0095
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0095
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0095
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0085
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0085
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0100
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0100
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0110
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0110
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0230
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0230
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0120
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0120
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0125
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0125
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0135
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0135
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0135
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0240
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0240
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0145
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0145
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0145
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0150
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0150

H.-W. Xiao et al. / Atmospheric Research 157 (2015) 49-55 55

Tanner, P.A, Lei, H.C,, Huang, M.Y., Shen, Z.L., 1997. Acid rain and below-cloud
scavenging in south-western China. J. Atmos. Chem. 27, 71-78.

Tozer, W.C,, 2006. Nitrogen Isotope Variation in the Environment: Implications
for Interpretation. University of Waikato (Higher Degree Theses).

Urey, H.C,, 1947. Thermodynamic properties of isotopic substances. ]. Chem.
Soc. 562-581.

Xiao, H.Y., Liu, C.Q., 2002. Sources of nitrogen and sulfur in wet deposition in
Guiyang, southwest China. Atmos. Environ. 36 (33), 5121-5130.

Xiao, H.Y., Liu, C.Q., 2004. Chemical characteristics of water-soluble components
in TSP over Guiyang, SW China, 2003. Atmos. Environ. 38, 6297-6306.
Xiao, H.Y., Liu, C.Q., 2011. Estimates of dry and wet deposition using tissue N

contents and 15N natural abundance in epilithic mosses in atmospheric

NHy-dominated areas. ]J. Geophys. Res. 116. http://dx.doi.org/10.1029/
2010JD015231.

Xiao, H.W,, Xiao, H.Y., Long, AM., Wang, Y.L., 2012. Who controls the monthly
variations of NHZ nitrogen isotope composition in precipitation? Atmos.
Environ. 54, 201-206.

Xiao, H., Xiao, H., Long, A., Wang, Y., Liu, C., 2013. Chemical composition and
source apportionment of rainwater in Guiyang, SW China. J. Atmos. Chem.
70 (3), 269-281.


http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0160
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0160
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0245
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0245
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0175
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0175
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0190
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0190
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0195
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0195
http://dx.doi.org/10.1029/2010JD015231
http://dx.doi.org/10.1029/2010JD015231
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0180
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0180
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0180
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0180
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0180
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0185
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0185
http://refhub.elsevier.com/S0169-8095(15)00040-X/rf0185

	δ15N–NH4+ variations of rainwater: Application of the Rayleigh model
	1. Introduction
	2. Materials and methods
	2.1. Sample collection and chemical and isotopic analysis
	2.2. The Rayleigh model description

	3. Results
	3.1. Results of Rayleigh model
	3.2. Comparisons between estimated and experimental results

	4. Discussion
	5. Conclusions
	Acknowledgments
	References


