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Rainwater chemistry plays an important role in the earth-surficial ecosystem, but studies on rainwater
chemical composition of karst agro-ecosystem are rare. To explore the rainwater alkalization and the
provenance of components responsible for neutralization, two-years chemical monitoring of rainwater
was carried out in a karst agricultural catchment in Southwest China. The main findings suggest that
S03~, NO3, Ca**, and NH} are the principal ions. All the ionic contents show distinctly seasonal variation
(highest in winter) in response to variations in seasonal precipitation because the rain-scour process can
efficiently remove atmospheric materials. Source identification indicates that CI~ and Na" are mainly
derived from marine input whereas SO~ and NO3 are controlled by anthropogenic emission, in
particular, fixed emission sources. The source of NHj is attributed to intense agricultural production,
while Ca?t and Mg?* are mainly derived from calcite dissolution. The rainwater alkalization caused by
the seasonal acid neutralization (via basic components, Ca>" and NHZ) is beneficial to crop growth but
also reflect agricultural overfertilization. Sulfur controlled the total wet acid deposition (68%—94%) and

could be a potential agent of weathering.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Rainfall is a primary sink of soluble gases (mainly acid materials)
and particulate matter in the atmospheric environment (Baker and
Scheff, 2007; Szép et al., 2018; Keresztesi et al., 2019; Wei et al,,
2019a; Wei et al., 2019b). Both the in-cloud and below-cloud pro-
cesses can significantly remove atmospheric pollutants and further
change the pH and chemical components of rainwater (Larssen
et al, 2006; Zhou et al.,, 2019). Therefore, rainwater chemistry
could offer helpful information on air quality and could be applied
to identify the sources of atmospheric pollutants, which have un-
dergone numerous physical-chemical processes before being
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trapped by rainwater (Leong et al., 2017; Keresztesi et al., 2020b).
Generally, rainwater major ion chemistry is an indicator of
anthropogenic origin, terrestrial source, and sea-salt source (Han
et al.,, 2010; Xu et al., 2015). In addition, the chemical components
of rainwater are also affected by several factors, such as meteo-
rology, geography, and environmental protection policies (Szép
et al., 2018).

A time-series (2000—2017) study across Europe has shown that
the relatively homogenous nature of rainwater chemistry reflects
common anti-pollution measures and unitary economic develop-
ment in Europe (Keresztesi et al., 2019). However, China is a rapidly
developing country with uneven economic development between
different regions (Wang et al., 2017). Variations in the intensity of
human activities (or economic development) have resulted in the
emission of different atmospheric pollutants (Mullaugh et al., 2015;
Cable and Deng, 2018; Keresztesi et al., 2019), leading to variable
rainwater chemistry across China. This phenomenon is particularly
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pronounced in less developed areas of Southwest China (globally
one of the largest areas of karst geology) (Wang et al., 2017), and
includes cities, rural areas and forest areas in Guizhou Province
(Han et al.,, 2019; Zeng et al., 2020a). High levels of precipitation
facilitate the migration of materials from the surface to the un-
derground systems and their turnover. The subsequent runoff leads
to intense soil erosion in areas with severe karstification (e.g., karst
sinkholes, depression, cone, and cockpit) (Zeng et al., 2019a; Zeng
and Han, 2020). Moreover, because the capacity for water and
nutrient retention in karst agricultural ecosystems is weak, rainfall
is the key source of nutrients, solutes and moisture in this region
(Hao et al., 2017; Qin et al., 2020).

Previous studies regarding rainwater chemistry in karst areas of
Southwest China focused mainly on urban areas (Han et al., 2019).
Studies on seasonal variation in rainwater chemistry driven by
agriculture (and related essential human activities, e.g., coal-fired
heating) in karst areas and their environmental implications, are
rarely reported. Given the fragility of the karst agroecosystem, it is
essential to improve the understanding of the chemical compo-
nents of rainwater to facilitate better environmental management
and enhanced understanding of the geo-chemical cycle in karst
agricultural ecosystems. Moreover, although China underwent pe-
riods of severe acid-rain (Larssen et al.,, 2006), with the imple-
mentation of a series of positive measures by the Chinese
government, a trend of increasing rainwater alkalinity has been
observed across China, particularly in northern China (Yang et al.,
2012; Rao et al., 2017), and a similar observation was also found
in a typical city in karst region (Guiyang, SW China) in recent years
(Han et al., 2019). However, an alkalization trend in vast agricultural
areas on karst land has not been confirmed and so there has been
no comparison of the drivers of alkalization in different regions.

To advance further information on rainwater chemistry and the
rain-scour behavior on atmospheric acid substances and the acid
neutralization in a high precipitation karst agro-catchment, two-
year samples were obtained, and the time series variations of
chemical compositions, electrical conductivity (EC), and pH were
systematically studied. The key objectives are to: (1) clarify the link
between rain-scour and air acid materials, (2) assess the degree of
acid neutralization and its seasonal variation, (3) identify the
sources of substances involved in neutralization, and (4) explore
the potential environmental implications of rain alkalization on
karst ecological restoration.

2. Materials and methods
2.1. Study region

The Houzhai River basin (73.4 km?), located in the central karst
area of Guizhou Province, SW China, was selected as the study re-
gion. The elevation of this basin ranges from 1212 to 1552 m
(Fig. 1a). The basin is characterized by a subtropical, monsoonal
climate (yearly average air temperature 15.1 °C). Most of the rainfall
events (~80%) occur in May to October and result in an annual
precipitation range of 1200—1400 mm (Li et al., 2010).

The Houzhai River catchment displays widespread development
of karst geomorphology (e.g., cone and cockpit). The geology
comprises Permian and Triassic limestone and dolomite (Chen
et al, 2008; Li et al, 2010). The land cover of the catchment
mainly includes agricultural land (dry land and paddy fields),
buildings and forest and shrubs (Yue et al., 2015). As shown in
Fig. 1b, farmland is primarily dispersed in the middle-lower stream,
which accounts for ~41% of the entire catchment, and about two
thirds of the farmland are devoted to rice, the remaining third is dry
land used for growing corn, while rape and selected vegetables are
grown in winter. For agricultural production, di-ammonium

phosphate (20—30%), organic fertilizers (20—30%), and urea
(40—60%) are widely used three times annually between April and
July. Based on the perspective of basin hydrology, one sampling site
(HZV, 105°41"15”E, 26°16’09”N, 1220 m asl.) was selected to collect
rainwater samples (Fig. 1a). This site is located in the flat plains
downstream of the catchment within a mixed usage profile of
buildings (Houzhai village) and agricultural land (paddy field and
dry land), which represents a heavier anthropogenic influence
(Zeng et al., 2020Db).

2.2. Sampling and chemical analysis

Rainwater sample collection was performed using a 65 cm
diameter polyethylene (PE) sampler installed on a building roof top
approximately 8 m above the ground. The PE lid was used to bypass
dust fallout on dry days. After each sampling, the samplers were
cleaned with deionized-water, air-dried, and lidded and then pre-
pared for the next sampling. The rainwater samples were manually
collected daily on rainy days (if the rainfall duration was >1d, one
sample was collected per 24 h). Ultimately, 182 rainwater samples
were obtained from June 2016 to June 2018. About 76% of the
samples were obtained during the rainy season.

A multi-parameter meter (WTW, Multi Line 3320) was used for
the determination of electrical conductivity (EC) and pH. The pre-
treatment of filtration of samples was achieved by acetate mem-
brane filters (Millipore, 0.45 pm). After that, the samples were
stored immediately (kept refrigerated at 4 °C in a clean PE bottle)
for determination of rainwater chemistry. The continuous-flow
analyzer (Skalar, SAN*™) with a spectroscopic detector (spectro-
photometry) was used to detect the NHf and NO3 concentrations
of samples based the Sodium hypobromate oxidation for NH and
cadmium column reduction for NO3. The concentration of other
jons including K™, Na*, Ca®*, Mg+, CI~, F~, and SOF~ were analyzed
by ion chromatography (Thermo Fisher, ICS-Aquion 1100). The
details of quality assurance and quality control can be found in the
supplementary information (Text S1).

2.3. Calculation methodology

The volume-weighted mean (VWM) concentrations are calcu-
lated using the following formula (Li et al., 2019):

> GP;
C=
> B

where C is the VWM ionic concentration, C; is the ionic concen-
tration of each sample, and P; is the corresponding precipitation
amount. The data on the precipitation amount for the studied
period is taken from previous studies with the same study period
(Yue et al., 2019), and was monitored at a meteorological station
located in the southern catchment. Given the catchment size and
the rainfall meteorological drivers, we assume that the variation in
precipitation between the sampling site and the meteorological
station were negligible.

To characterise fully the rainwater chemical constituents, total
cations (TZ* = Na* + K™ + Mg?* + Ca®* + NH{, in peq/L), total
anions (TZ~ = SO~ + NO3 + CI- + F, in peq/L), and their ratios
(TZ*|TZ™) were applied (Han et al., 2019).

The fractional acidity (FA) caused by the major acid substances
(SOx and NOy scoured by rainwater) is calculated to explore the of
rainwater neutralization by alkaline components, as follows
(Balasubramanian et al., 2001):

(1)



J. Zeng et al. / Environmental Pollution 266 (2020) 115166 3

105°41'15" E

HZV

. "

26°16'09" N

0
.J_-.> Precipitation Site

Surface River

ai W$E b

- - - Underground River - Shrub M Building’
Reservoir s ':;' , O G_rass Dryland

m High 1552m N MRiver | Paddy field

- ow 1212m <= Reservoir M Bare rock

M Forest

Fig. 1. Map showing the (a) topography and river system, and sampling site; (b) land cover of Houzhai Catchment. Based on a DEM, the flow direction tool in ARCGIS was used to
create a direction raster that identifies the drainage area in the study area, land cover was updated based on digitisation from Google Maps, 2016, accessed through QGIS v.2.14.10
open layers plugin, and field validated in May—June 2017 (Buckerfield et al., 2019; Yue et al., 2019; Zhang et al., 2020).

[H']

FA= [S057] + NO3 ]|

(2)

where the [H*], [SO5], and [NO3] represent the non-sea salt
concentrations of these ions (in peq/L), the pH value is converted to
H* concentration. If FA = 1, the rainwater acidity has barely been
neutralized (Wu et al., 2012).

To obtain further information about the rainwater neutraliza-
tion by different alkaline components, the neutralization factors
(NF) are calculated as follows (Jain et al., 2019):

NFy = 3)
[s057] + NOs ]|
where [X;] represent the non-sea salt concentrations of Ca®*, NHz,
Na*, K*, Mg?* (in peq/L).
The ratios of neutralizing potential (NP) to acidifying potential
(AP) are also calculated as follows (Wu and Han, 2015):

Ca?*| + NHj]

NP/AP= [s057] + NO3 |

(4)

where [NO3], [SO3~], [NHZ4], and [Ca®*] are the concentrations of
the corresponding ion (in peq/L).

To explore the relationship of rainwater chemistry and typical
atmospheric pollutants (SO, and NO,), the monthly atmospheric
SO, and NO; contents are applied. The data source is historical data
of air quality in Anshun City, where Houzhai Catchment is located
(https://www.aqistudy.cn/historydata/).

2.4. Backward trajectory and positive matrix factorization (PMF)

To explore the potential influence of air mass transport on
rainwater chemistry, two days (48h) back trajectories of each
rainfall event are computed using the web HYSPLIT model (https://
ready.arl.noaa.gov/HYSPLIT_traj.php). All the trajectories are

started from 1500m above ground level (AGL) over the sampling
site.

The positive matrix factorization (PMF) model is one of the
effective methods to evaluate the potential sources of rainwater
chemical components (Zhou et al., 2019). This model requires only
concentration of each species and the related sample species un-
certainty values. The EPA PMF version 5.0 (US) was used in this
study.

3. Results and discussion
3.1. Rainwater chemistry and rain-scour effect

3.1.1. Overview of rainwater chemistry

The detailed rainfall, pH, EC, and major ion concentrations of all
samples are given in Table S1, and the statistical results (including
VWM values) of these parameters are summarized in Table S2. The
EC values vary between 3.4 and 204 uS/cm (VWM value = 30.5 uS/
cm). Most rainwater samples with high EC values occurred in
winter and spring, which is likely controlled by the low rainfall
(Table S1). The TZ™ is slightly higher than TZ~ (Text S1, off the 1:1
line), suggesting that roughly all ionic species were detected (Han
et al., 2019). The absence of partial anions could be interpreted as
organic anionic species (e.g. plant-released oxalate), which
contribute up to 12.6% to the anion (Mullaugh et al., 2014), while
the contribution of HCO3 is very limited due to the low HCO3
content at these pH values (pH < 6.8, VWM value 5.7, Table S2).

There are great variations in ionic content for different precip-
itation events (Table S2), and the VWM values are therefore suit-
able for comparison. The VWM concentrations of major ions
followed the sequence Ca** > NHi > Nat > Mg?* > K* and
S03~ > NO3 > CI~ > F~ (Table S2).

The proportions of each ion are plotted in Fig. S1, which shows
that the principal ions of the rainwater samples are SO3-, NO3,
Ca%*, and NHj. SO5~ is the most abundant anion (76.9% of total
detected anions), while NO3 is the second richest anion with an
anion contribution of 17.5% (Fig. S1a). In a cationic pie chart
(Fig. S1b), Ca®* is the richest cation and NHj is the second highest.
Although Ca®* (51.7%) play a leading role, NHZ (30.5%) is also an
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important contributor of rainwater cations. This can be explained
by two factors. First, the widespread carbonate rocks in the karst
region provide a plentiful Ca-enriched dust, which further becomes
a potential source of Ca®* in rainwater (Han et al., 2019). Second,
the application of fertilizer in extensive agricultural production in
Houzhai River catchment is also an important source of rainwater
Ca?*. This is strongly supported by a previous study on Ca isotopes
in rainwater from forested karst areas significantly affected by
agriculture (moderate 3*#4%Ca ~ 0.8%o, high NHZ/Ca%t and NO3/
Ca" ratios) (Zeng et al., 2020a). Ca®* together with NHi whose
concentration made up 82.2% of the total cations, while SOF~ and
NO3 make up 94.4% of the total anions. Therefore, the next sections
will focus mainly on these four ions (SO, NO3, Ca®*, and NHZ).
The VWM concentration of rainwater chemicals in the Houzhai
catchment, together with those reported data from other karst
areas, megacities, deserts, mountainous areas, and oceanic islands,
are summarized in Table S3. In this study (karst agricultural
catchment), the rainwater NO3 concentration was comparative to
that in karst city areas but much higher than that in karst virgin
forest areas, and the concentration of SO~ and Ca?* fall some-
where in between, while the concentration of NHZ was twice that
of the former two areas (Han et al.,, 2010; Han et al., 2019). This
reflects the influence of the relative strength of local anthropogenic
activities, particularly agriculture, on the chemistry of rainwater in
different karst areas. Also, the concentration of most of the ions in
Houzhai catchment were significantly lower than that of corre-
sponding ions in inland megacity (Xu et al., 2015) and desert areas
(Rao et al., 2017), but higher than that of the corresponding ions of a
coastal megacity with huge rainfall amounts (Zhou et al., 2019).

3.1.2. Seasonal variation of rainwater chemistry

Fig. 2 demonstrates that the highest ion concentrations occurred
in winter, while the lowest concentrations occurred in summer. All
the ion concentrations were slightly higher in spring and fall than
in summer. These ion concentration variations were obviously
responsive to rainfall amount variations with a significant negative
correlation (e.g., Ca®* and rainfall amount, R = —0.60, p < 0.05;
SO%~ and rainfall amount, R = —0.58, p < 0.05; Fig. S2). For instance,
the monthly behavior of the concentration of dominant cation
(Ca®") mentioned above were also higher in winter (low rainfall
amount) but lower in summer (high rainfall amount) (Fig. 2a),
which is mainly caused by the fact that more atmospheric dust
particles (high Ca®** content) are trapped by raindrops in the
rainless winter (Szép et al., 2019), while in the summer season,
particularly in June, the rainfall amounts are 387.5 (June 2016) and
345.7 (June 2017) mm, which accounts for almost 30% of the annual
precipitation. The frequent rainfall in the summer season has a
strong rain-scour effect on atmospheric components, and makes
for a shorter atmospheric retention time of pollutants relative to
winter (Xiao and Liu, 2002). During the two complete summer
periods, the total ion equivalent concentration of rainwater was
only one-sixth to one-quarter of that of winter (Fig. 2). Interest-
ingly, under the conditions of almost equal amounts of precipita-
tion, NHZ concentration exhibited an obvious upward trend in early
spring (March 2017 and March 2018) compared to the previous
winter (Fig. 2a). One possible interpretation of this observation can
be that the increasing NH3 emission from the winter-accumulated
ammonium nitrogen in soil, and human and animal excreta (Zhang
et al,, 2014; Liu et al., 2020) due to the increased air temperature
from winter (0.9, 1.1 and 3.5 °C for December, January and February,
www.geodata.cn) to early spring (7.8 °C for March).

Similarly, the abundant anions (505~ and NO3) were shown to
have the same temporal variation. It is noteworthy that the high
concentrations of these anions were accompanied by higher at-
mospheric SO, and NO, content (Fig. 2b), with a significant positive

correlation between rainwater SOj7~ and atmospheric SO;
(R=0.83, p < 0.05), and between rainwater NO3 and atmospheric
NO; (R =0.58, p < 0.05; Fig. S2). Therefore, the high concentrations
of rainwater SO~ and NO3 in winter were not only related to the
low precipitation amount and rainfall frequency (Wu et al., 2012;
Jain et al., 2019), but also significantly influenced by the content of
atmospheric acid substances (SO, and NO5). Increased sulfur oxides
and nitrogen oxides will accumulate in the atmosphere with the
increased coal combustion requirements in winter (e.g., heating
requirements of dwellings, and coal-fired power plants) (Jia and
Chen, 2010; Zeng et al., 2020b), which will also subsequently
result in high levels of water-soluble sulfates and nitrates in at-
mospheric particulates through a series of photochemical reactions
(Baker and Scheff, 2007; Wei et al., 2020). Moreover, the sulfates
and nitrates in rain-scoured atmospheric particulate matter also
contribute some SO~ and NO3 to rainwater in winter (Xiao and Liu,
2004; Elliott et al., 2015).

3.1.3. Rain-scour effect

To explore further the rain-scour effect, the monthly accumu-
lated rainfall amount and abundant ions (including SOF~, NO3,
Ca®*, NH4, and Mg?") concentration were analyzed by fitting
(Fig. 3).Itis clear that these ions have a negative natural logarithmic
relationship with the monthly accumulated rainfall amount. As
mentioned above, the VWM concentrations of Ca?*, NHZ, Mg?+,
S03~, and NO3 are lower when the monthly cumulative amount of
rainfall is large, while the VWM concentrations are higher when
the amount of rainfall is small. These observations indicate that
rainwater has a preferential removal efficiency and scouring effect
on the acidic and alkaline substances in the atmosphere, such as the
gaseous sulfur oxides and nitrogen oxides, particulate nitrate and
gaseous HNOs, aerosol NHZ or gaseous ammonia, and particulate
Ca/Mg-mineral. Previous studies have also shown that rainfall is an
important removal mechanism of these materials (Silva et al., 2009;
Szép et al., 2018). Furthermore, it is noteworthy that the VWM
concentrations of these ions varied in a relatively stable range when
the accumulated rainfall amount exceeded 50 mm (Fig. 3, grey box),
which suggest that the atmospheric substances (e.g., gaseous sulfur
and nitrogen oxides, aerosol NH}, and suspended carbonate rock
particles) were basically scoured completely at this time, and the
ion concentrations of rainwater were close to the ion concentra-
tions of cloud-water (atmospheric clouds), reflecting the within-
cloud process (Rao et al., 2017). The concentrations fluctuate
greatly when the amount of rainfall is less than 50 mm (Fig. 3),
which mainly indicates the rain-scour process of the atmosphere
below the cloud (Jia and Chen, 2010).

3.2. Alkalization trend (acid neutralizing capacity)

3.2.1. pH distribution

As summarized in Table S2, the rainwater pH values in the
studied area vary from 3.8 to 6.8, with a mean value of 5.6 and a
VWM value of 5.7. The distribution of rainwater pH (in percentage)
in Houzhai catchment is plotted in Fig. S3. Most rainwater samples
(66.1%) presented a pH value greater than 5.6 in the study catch-
ment, and 45.8% of them are greater than 6 (Fig. S3). These pH
values are beyond the acidity of natural rainwater (rainwater pH in
natural atmosphere should range from 5.0 to 5.6 because of the
solvation of airborne nitrogen oxides, sulfur oxides, and carbon
dioxide in raindrops/clouds) (Galloway et al., 1993), which denotes
large alkaline-components inputs. The relative high rainwater pH
observed here can be explained by the solvation of ammonia and
atmospheric dust, deriving from agriculture (including animal
waste, e.g., cattle breeding) and atmospheric particulate matter/re-
suspended particles (high calcium/magnesium carbonate content)
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Fig. 2. Monthly variations of cation (a) and anion (b) concentration, pH, rainfall amount (RA), and atmospheric SO, and NO , content. The monthly atmospheric SO, and NO; are
from historical data of air quality in Anshun City, where Houzhai Catchment is located (https://www.aqistudy.cn/historydata/).

within the study region. Nevertheless, the pH of our karst rainwater
is far below that of the desert rainwater extremely influenced by
dust in northwest China (pH = 7.6, Table S3) (Rao et al., 2017).
Moreover, 4% of samples from winter rainwater exhibited an
extremely low pH (<4) (Fig. S3 and Table S1), which demonstrates
the potential anthropogenic acid input to the ecological system in
this season, such as the SOy and NOyx emission derived from the
heating requirements of dwellings (coal combustion) and potential
biomass burning.

3.2.2. Seasonal acid neutralization

The rainwater alkalization (large proportion of high pH samples,
Fig. S3) and the presence of the main acidifying components (503~
and NO3 are dominant anions, Fig. S1a), observed in this study
imply an intense acid neutralization during the precipitation pro-
cess, which can be further supported by the significant correlations
between rainwater acidic ions (SO~ and NO3, p < 0.05),

atmospheric acid gas (SO and NO», p < 0.05), and the base cations
(Fig. S2). According to the VWM concentrations of relevant ions
involved in Equation (2) (Balasubramanian et al., 2001), the FA
value of the rainwater during the whole study period is calculated
as 0.0122, suggesting that roughly 98.78% of precipitation acidity is
neutralized by basic substances. This neutralizing capacity is much
stronger than the average European levels (FA = 0.3, 70% of rain-
water acidity is neutralized in many developed countries)
(Keresztesi et al., 2019).

The acidity produced by sulfuric and nitric acids are trapped and
neutralized by gaseous alkali and base cations (Wu and Han, 2015).
According to Equation (3), the rainwater acid neutralization by
these alkaline components is confirmed by evaluating the NF. The
calculation results of the whole period under study, show that the
NF values of Ca®*, NH4, Nat, Mg?*, and K* of rainwater are 0.75,
0.45, 0.12, 0.08, and 0.04, respectively. This reveals that Ca?t and
NH{ are the principal contributors to rainwater acid neutralization,
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which is in line with the finding of a previous study at the adjacent
site (Lii et al., 2017). Compared to the developed areas where Na™
has the strongest neutralizing capacity (mean NF = 0.54, ranging
from 0.04 to 0.98), followed by NHZ (mean NF = 0.46, ranging from
0.03 to 1.25) (Keresztesi et al., 2019), our results indicate that the
widespread existence of potential calcium and ammonia sources in
karst agricultural areas provides powerful support for the alkali-
zation trend of Na-depleted rainwater.

To understand further the seasonal variations of acid neutrali-
zation, the seasonal VWM values relevant in Equation (3) are also
calculated and plotted in Fig. 4. Overall, a higher NF value is
observed in spring and summer, indicating that the rainfall was
more neutralized during these seasons, which is strongly influ-
enced by the seasonal variations of the neutralization-involved ions
mentioned before. Significantly, the NF of Ca** accounts for a
predominant percentage during the whole period under study,
with a minor seasonal variation, which is controlled by the high Ca
background value in karst regions. While the NF values of NHZ vary
in seasonally (higher in spring and summer but lower in fall and
winter), this is related to the enhanced agricultural production and
more efficient ammonia emissions in spring and summer (Wang
et al., 2020). The relatively low proportion of NFs of Mg?*, Na™,
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Fig. 4. Seasonal variations of neutralization factors (NF) and the ratio of neutralizing
potential to acidifying potential (NP/AP) at Houzhai catchment.

and K™ in each season reveals that the neutralization by these ions
is negligible (Fig. 4).

The ratios of rainwater neutralizing potential (NP) to acidifying
potential (AP) are also calculated to evaluate the acidity and alka-
linity balance (Wu and Han, 2015). It can be seen from Fig. 4 that the
variations of NP/AP ratio are almost always accompanied by similar
variations of pH (except for Spring 2017), implying that alkaline
components neutralize rainwater acidity and therefore affect the
pH in different seasons. Our NP/AP ratio is significantly higher than
in Europe (NP/AP = 0.46—0.80) where rainwater is predominantly
acidic in character (Keresztesi et al., 2019). This also further ex-
plains the pH distribution of karst agricultural rainwater (66.1% of
samples present a non-acidic character, Fig. S3).

3.3. Source of the major ions

3.3.1. Source identification

Based on the similar chemical characteristics and the possible
co-emission origins of some atmospheric components (e.g., SO
and NOy) (Vet et al., 2014), the correlation analysis is therefore a
common method to distinguish the potential common origins of
rainwater ionic components, which are calculated and shown in
Fig. S2. As seen in Fig. S2, the rainwater pH does not exhibit sig-
nificant correlations with all ions (p > 0.05) but does show a sig-
nificant negative correlation with atmospheric SO, and NO,
(p < 0.05), which confirms the seasonal acid neutralization
mentioned above. However, significant positive correlations are
observed among almost all the ions (p < 0.05, Fig. S2). Therefore, it
is difficult to obtain more information about ion sources via cor-
relation analysis.

The rainwater samples in our study catchment are plotted on
the SO~ and NOj3 line and tend to the SO~ end in the ternary
diagrams (Fig. S4 a), and almost all samples present a SO /NO3
ratio >1 (Table S1). Compared to the marine area (the samples tend
to the CI™ end; Fig. S4a), our results reflect that the anion compo-
sitions of rainwater are predominantly controlled by anthropogenic
emissions (Han et al., 2010), particularly affected by the fixed
emission sources (based on the high SOF /NO3 ratio), such as
transmission of regional emissions from coal combustion (Arimoto
et al., 1996; Walters et al., 2015; Li et al., 2020). In the ternary di-
agram of cations, most of the rainwater samples in this study are
plot on the line between the ends of NH4 and [Ca®* + Mg®*] (Fig. S4
b), indicating the cations are primarily influenced by mixed sources
of continental input and human activity (Zeng et al., 2019b;
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Keresztesi et al., 2020a), while the contribution of marine input to
the rainwater cations is relatively low, which can be supported by
the cation compositions of the oceanic island (Fig. S4b).

To identify further the relationships between ionic species and
their sources, the variations of SOF~/Na*, NO3/Na*, NHf/Na® with
ClI-/Nat and Mg?*/Ca®t with SOF/Ca%" ratios in rainwater are
plotted in Fig. 5. It can be seen from Fig. 5a that approximately a
quarter of the rainwater samples have high CI~/Na" ratios (relative
to seawater), while the Cl~/Na* ratios of most of the samples are
less than that of seawater (Berner and Berner, 1987). This indicates
that the human-derived Cl™ is relatively limited, and that mineral-
weathered Na* (e.g., potential silicate hydrolysis when the atmo-
spheric cloud crossed the silicate regions of south China) may
additionally be input to the air, causing a lower CI~/Na™ ratio in
most cases (Rao et al., 2017). Moreover, the high SOF~/Na* and
NO3/Na™ ratios of most rainwater samples (Fig. 5a and b) further
support the control of the rainwater SO~ and NO3 from the
anthropogenic emissions mentioned above (Fig. S4). The mobile
sources that contributed rainwater NO3 can be muted due to the
dilution effect present during long-distance transport/diffusion
(Rao et al., 2017; Zeng et al., 2019b). The significantly high NHZ /Na*
ratio (~56) compared to the Cl~/Na™ ratio (all the CI"/Na* ra-
tios < 4.8) were also shown in Fig. 5c. Therefore, although the
positive correlation between CI~ and NHi (R = 0.78, p < 0.05) is
observed in Fig. S2, these two ions have different origins to some
degree. According to previous studies, the gaseous NH3 produced
by agriculture-associated fertilizer, animal waste, and biomass

burning can be the major sources of NHJ in rainwater (Lee et al.,
2012; Rao et al., 2017), which is further supported by the high
NHZ/NOs3 ratios of the rainwater (up to 37.5 with a mean value of
4.3), suggesting that agriculture is the primary origin of NHZ in
rainwater in the studied catchment (Lee et al., 2012; Zeng et al,,
2020b). Moreover, the seasonal farming practices including fertil-
izer application and biomass burning can be one of the in-
terpretations for seasonal variations of rainwater NH4. In Fig. 5d, all
the rainwater samples are distributed among the
[calcite + dolomite] dissolution line and calcite dissolution line
with low Mg?*/Ca?* ratio (<0.5), indicating that the rainwater Ca®*
and Mg?* are mainly controlled by calcite solvation of air dust
derived from differential carbonate weathering (Lii et al., 2017).

3.3.2. Backward trajectory analysis

The typical back-trajectories are defined as three sectors and the
representative trajectories are shown in Fig. S5. The VWM con-
centrations of major ions of these three sectors are summarized in
Table S4. The variations of concentration of most ions are not
obvious between different sectors (Table S4).

The highest NO3 concentration is found in sector 2 (North and
Northeast, Fig. S5), corresponding to the big cities in this direction
(e.g., Chengdu, Chongqing, and Guiyang). These cities are heavily
contaminated by their heavy traffic and are the potential sources of
NOy for long-distance transportation, which can be further sup-
ported by the highest NO3/SOZ~ ratio of rainwater in this sector
(Table S4). The relatively higher NH4 concentration is associated
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Fig. 5. The daily and monthly variations of SO3~/Na*, NO3/Na*, NHj/Na* with CI~/Na* and Mg?*/Ca** with SO%~/Ca?* ratios (equivalent ratio) in rainwater at Houzhai catchment.

Data sources for seawater and the imaginary line are from (Berner and Berner, 1987).
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with associated with sector 1 (West and Southwest, Fig. S5), as this
direction is relatively less polluted and more potential agricultural
source regions are distributed in border area of Yunnan-Guizhou
provinces. In contrast, the highest SO~ concentration is observed
in sector 3 (South and Southeast, Fig. S5). Rainwater related tra-
jectory of this direction is characterized by high load of SO%~
(typical anthropogenic pollutants) but lowest NO3/SOZ  ratio
compared with other sectors. This observation supports the
developed industries in this direction, which can be responsible for
the potential source of sulfate for long-distance transportation.
These findings suggest that the impact of long-distance trans-
portation of pollutants on rainwater chemistry is non-negligible in
the study catchment.

3.3.3. Source contributions

Based on the previous discussion, the marine input, crust dust,
and anthropogenic emissions are confirmed as the main contrib-
utors of rainwater ions. Three factors well fitted to the data based
on the physically interpretable source, and the chemical source
profiles obtained from PMF model are shown in Fig. S6. As shown in
Fig. S6, Factor 1 (F1) explains 80% of the Ca®*, 68% of the Mg+, 58%
of the K*, 71% of SO5~, and 84% of CI~. This factor can be interpreted
as the contributions from dusts, which may integrate natural dust
(high load of representative crust substance Ca?*) and human-
influenced dust (inferred from the high load of SO7™ in F1, e.g.,
sulfate-adsorbed dust). Factor 2 (F2) with highest contribution of
most typical sea salt Na™ (96%) represents the marine input, which
reflected the impact of marine aerosols. Nitrogen species and
fluorine were important components in Factor 3 (F3, anthropogenic
input), with the highest contribution of NO3 (86%), NH} (76%), and
F~ (71%). These species in F3 are typical markers of human-related
secondary aerosol particles (e.g., NH4NO3) that produced by the
NOy oxidation (Rao et al., 2016).

3.4. Implications on karst biogeochemistry cycle

As early as the end of the twentieth century, the study area has
been considered to be an acid rain control area, and the Houzhai
catchment is located in the middle of the Chongqing — Guiyang —
Liuzhou acid rain region (Larssen et al., 2006). However, although
the variations of most of the rainwater ion concentrations do not
exhibit a significant trend in the last decade (Fig. 6), the most pri-
mary acid ion (S03~) deposition in this karst catchment basically
shows a downward trend (Fig. 6b, the significantly low SOF~ con-
centration in 2015 wet season was caused by the strong dilution

effect during the study period). This can be explained by the
effective implementation of a series of environmental protection
policies over China, such as the National Acid Rain and SO, Pollu-
tion Prevention Plan in the past several years (Yu et al., 2019),
which effectively reduces the emission of acidic gas pollutants and
causes the decreased SO~ concentration. In contrast, the NO3
concentration shows a slight upward trend (Fig. 6b), which may be
related to increasing NOyx emissions from agriculture caused by
farmers continuously increasing the application of fertilizer for
more crop production (Yue et al., 2015), in particular, under the
background of the Chinese Grain for Green Program (Song et al.,
2014). Moreover, because of intense and extensive agriculture, a
significantly increased concentration of rainwater NHi was
observed from 2008 to 2018 (Fig. 6b), which is an important
participant in acid neutralization as has been discussed before.
Therefore, both the decrease of acid-producing ionic concentration
(e.g., SOF7) and the increase of neutralization ionic concentration
(e.g., NHZ) resulted in the increasing trend of pH value 2008 to
2018, that is, rainwater alkalization. Similar rainwater alkaline
trends were also observed in the Alxa Desert and Beijing (Northern
China) (Yang et al., 2012; Rao et al,, 2017), but the drivers were
different. Alkalization of rainwater in north China is caused by the
widespread sandstorms that contribute a large amount of Ca and
Mg to rainwater and neutralize the acidic ions, whereas the NH3
emission from agriculture is also a significant driving factor in this
study. Overall, the increase concentrations of NO3 and NHZ in
rainwater would provide N sources to N depletion ecosystem (Gao
et al., 2019), e.g. natural forest and shrub. Meanwhile the phe-
nomenon of acid neutralization reduced the hazard of acid rain to
crops (particularly foliar level) (Feng et al., 2002; Singh and
Agrawal, 2008). All of these benefited to ecological restoration of
karst area in southwest China (Wu et al., 2020; Tong et al., 2020).
However, increase concentrations of NO3 and NHZ in rainwater
also reflects the excessive application of fertilizer in agricultural
production, resulting in a great waste of resource.

Previous studies have shown that the long-term application of
synthetic nitrogenous fertilizer in the study area has caused an
increase of ~0.2 t/(km?-yr) over the past 20 years (Yue et al., 2015),
resulting in high levels of nitrogen in aquatic systems and rain-
water. Moreover, inorganic nitrogen deposition contributes 68.7%
of total nitrogen deposition (Zeng et al., 2020b), and the annual
mean atmospheric inorganic nitrogen deposition flux can be
calculated as 115.3 mmol N/(m?-yr) based on the amount of rainfall
and inorganic nitrogen concentrations (NH + NO3) (Table S1).
Meanwhile, nitrogen-related deposition and nutrient can change
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gross primary productivity (GPP) in earth-surface aquatic system
(Gao et al.,, 2019). GPP is the C absorption amount via photosyn-
thesis in ecosystems and a key role in terrene-air CO, exchange
(Hao et al., 2019). According to the GPP of 1000—1500 g C/(m?-yr) in
the studied areas (Hao et al., 2019) and the Redfield C/N ratio
(6.625:1), it can be calculated that the GPP of Houzhai catchment is
equivalent to 12,579—18,868 mmol N/(m?-yr). Therefore, we
roughly estimate that the contribution of rainwater inorganic ni-
trogen deposition (115.3 mmol N/(m?-yr)) to GPP accounts for
0.61%—0.92%.

In addition, although the rainwater was highly neutralized, the
surface water acidification, driven by rainwater-input nitrate and
sulfate, combined with protons in the aquatic ecosystems, has been
a subject of concern (Pan et al., 2013; Qiao et al., 2018), which could
be extensively involved in and significantly affected by the car-
bonate rocks weathering in karst regions (Li et al., 2008; Yue et al.,
2015; Liu and Han, 2020), and further affect global climate change
(Raymond et al., 2013; Wang et al., 2019). Our previous studies
showed that the enhanced carbonate rock weathering HCO3 flux of
the surfacewater-groundwater system in Houzhai catchment
would be 3.72 x 10° kg C/yr (18.7% of total HCO3 flux) as a result of
nitrification process (Yue et al.,, 2015), while up to 42% of the
divalent cations originated from the carbonate weathering involved
with sulfuric acid (Li et al., 2008). The seasonal wet acid deposition
in Houzhai catchment varied from 0.15 to 1.0 keq/ha (Fig. S7), and
the annual wet acid deposition is therefore calculated as 1.9 keq/
(ha-yr) in 2017. This value is consistent with the observation in the
Yangtze River Deltas (mean value of 2.0 keq/(ha-yr) (Chen et al.,
2019)). However, our results do not support the previous findings
indicating that the nitrate controlled the total wet acid deposition
(Pan et al., 2013), which is mainly attributed to the differences in
the nitrogen sources. In contrast, the contribution of sulfur to total
wet acid deposition (68%—94%) is significantly higher than that of
nitrate (Fig. S7). Therefore, the rainwater-related surface water
acidification and its environmental effects, particularly sulfate as a
potential agent of weathering, need more long-term deposition
monitoring in the karst area.

4. Conclusions

In conclusion, two-year rainwater samples were collected in a
karst agricultural catchment to investigate the rainwater chemistry
and rainwater alkalization. The stoichiometric and time-series
rainwater chemistry effectively interprets the alkalify process of
rainwater. SO5~, NO3, Ca®*, and NHZ are the primary ions in rain-
water with distinctly seasonal variation. Rain-scour process can
effectively remove atmospheric substances. Source apportionment
indicated that SO~ and NOs3 are controlled by anthropogenic
emission, while crustal sources (e.g., calcite dissolution of conti-
nental dust) are the main sources of K*, Mg?*, and Ca®*. NHj is
mainly controlled by agriculture. Although rainwater alkalization is
beneficial to plant growth, a focus on sulfur-related deposition
(potential agent of weathering) is required.
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