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A B S T R A C T

Dissolved organic carbon (DOC) plays a key role among the earth-surficial ecosystem, particularly in the climate
change, but very few researches focused on the rainwater DOC in karst agricultural region (vulnerable agro-
ecosystem). To identify the concentrations, seasonal variations, controlling factors, deposition fluxes, and po-
tential sources of DOC in rainwater, 85 rainwater samples were collected at the Houzhai catchment, a re-
presentative karst agriculture-intensive region in Southwest China, from June 2016 to May 2017. The con-
centrations and deposition flux of DOC were 0.63 mg C L−1 (volume-weighted mean) and 0.67 g C m−2 yr−1.
These values were lower than the Asian average value, reflecting a low level of contaminated atmospheric
organic carbon in the studied area. Seasonally, low DOC concentrations were often accompanied by high de-
position flux during the rainy season (heavy rainfall), suggesting that the amount of rainfall is the critical factor
controlling the rainwater DOC. Moreover, long-distance migration and anthropogenic emissions were also the
non-negligible impact factors. The source identification showed that both agriculture-related volatilization and
fossil fuel burning (mainly coal-combustion) were the primary sources of rainwater DOC according to the cor-
relation analysis with the major ions (typical indicators), while the contribution of other origins (e.g., plant-
released, biomass burning, and windblown dust) were limited. This study clearly explores the karst-agricultural
wet deposition process of DOC that would strongly benefit the study of the global carbon biogeochemical cycle.

1. Introduction

The atmosphere is a significant carbon (C) reservoir and closely
related to global radiation forcing (Godoy-Silva et al., 2017). Previous
studies estimated that 60% and 40% organic carbon components in
atmosphere were removed in the form of wet and dry deposition and
about 0.4–0.5 Gt C yr−1 were therefore back to the land surface via
dissolved organic carbon (DOC) (Kanakidou et al., 2012; Willey et al.,
2000). DOC is a widespread and vital component of atmospheric
aerosols and precipitation (Xing et al., 2019).

Generally, DOC in rainwater consists of tens of thousands of carbon-
containing compounds at the molecular level (Liu et al., 2020; Qi et al.,
2020). These compounds are made up of various functional groups,
e.g., carboxyl, carbonyl, ester, and conjugated aromatic substituents
(Huang et al., 2016). Among them, the organic acids, such as formic
acid, acetic acid, propionic acid, ethyl acid, malonic acid, and succinic

acid, are considered as potential contributors to rainwater acidity
(Zhang et al., 2011). Moreover, rainwater DOC plays a key role in the
earth-surficial ecosystem, particularly in global climate change (Li
et al., 2016b). For example, DOC is a powerful participant of cloud
condensation nuclei due to its hygroscopic characteristics (Li et al.,
2017), which causes significant effects on rainwater and climate for-
cing. Additionally, DOC is also a warming component in the climatic
system because of it absorbs the ultraviolet light, similar to the atmo-
spheric black carbon (Cong et al., 2015). In general, wet precipitation
(rainwater) is the primary pathway for the transportation and removal
of the atmospheric DOC worldwide (Iavorivska et al., 2016), which
influences the atmospheric and landscape C processes. Therefore,
rainwater DOC could be one of the key factors of aboveground C cycle
and its deposition flux, and therefore, it is a vital input data for global C
model study (Gao and Yu, 2020a; Li et al., 2016b). However, un-
certainties and errors exist in the estimation of atmospheric DOC
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deposition flux to the earth's surface, because monitoring (or routine
measurement) is not continuous and systematical (Iavorivska et al.,
2016), particularly the monitoring of rainwater DOC monitoring in the
karst area with thin barren soil.

The spatiotemporal variations of concentrations and deposition
fluxes of DOC in rainwater are quite different, which can be affected by
several factors, such as DOC sources, meteorology, geography, and
environmental protection policies (Iavorivska et al., 2017a). The
sources of rainwater DOC are complex, which is directly derived from
the solvation of atmospheric gaseous or granular organic C species
(Kieber et al., 2002). These carbonaceous organic species mainly ori-
ginated from the human activities (e.g., agriculture, biomass or fossil
fuel burning) (Gao et al., 2020b; Iavorivska et al., 2016; Niu et al.,
2019; Siudek et al., 2015; Yan et al., 2019), plant-released organic
anionic species (Pantelaki et al., 2018; Zeng et al., 2019), and re-sus-
pended dust (Xing et al., 2019). Previous studies have shown that the
source contribution of rainwater DOC varies greatly in different ter-
restrial ecosystems. For instance, fossil fuel combustion contributes half
of the rainwater DOC in urban areas (Xing et al., 2019), while biomass
burning and agricultural production are considered as the major source
of rainwater DOC in the agricultural regions (Godoy-Silva et al., 2017).

Although many studies focused on rainwater DOC have been carried
out over the world (Iavorivska et al., 2016; Li et al., 2017; Siudek et al.,
2015), including different ambient types, such as urban, rural and
background regions, but very rare work was focused on the karst-re-
lated rainwater DOC, particularly in karst agro-ecosystem. Given the
extreme vulnerability of karst agro-ecosystem, it is essential to obtain
the information regarding to the DOC in rainwater to better understand
the agro-environmental management and the C geo-chemical cycle
process in this region. In order to gain additional insight into the rain-
scour behavior on atmospheric DOC and the source of rainwater DOC in
the Houzhai River catchment, the time series variations of the rainwater
DOC concentrations in one year, were systematically investigated. The
main purposes of this work are to: (1) investigate rainwater DOC con-
centrations, seasonal variations, and controlling factors, (2) identify the
potential DOC sources, and (3) assess the DOC deposition flux in the
karst region.

2. Materials and methods

2.1. Site description

The observation site was selected in the Houzhai River catchment
(73.4 km2) located in the center of the karst region, Southwest (SW)
China (Hao et al., 2019). The elevation of this basin ranges from 1212

to 1552 m (Fig. 1a). The basin is characterized as a subtropical, mon-
soonal climate (average yearly temperature 15.1 °C) (Wang et al.,
2002). Most of the rainfall events occur in May to October (80%) and
result in an annual precipitation range of 1200 to 1400 mm (Chen et al.,
2008). According to the variations in climate, March to May, June to
August, September to November, and December to February can be
defined as spring, summer, autumn, and winter. The Houzhai River
catchment is widespread development of karst geomorphology (e.g.,
cone and cockpit). The lithology composed of Permian and Triassic age
limestone and dolomite (Bai et al., 2013). The land cover of this
catchment is mainly made up of agricultural land (dry land and paddy
fields), buildings, forest and shrubs (Zhang et al., 2017). The cultivated
land (paddy field and dry land) is generally dispersed in the mid–lower
stream and accounts for 41% of the basin area (Fig. 1b), and paddy
fields grow rice in the rainy season, while the dry land is used for corn
growth. Moreover, the canola and vegetables are cropped during the
dry season. According to the statistical data, approximately 671 and
856 t N/year of the annual nitrogenous fertilizers and organic fertilizers
(manure) were used for agricultural production in Houzhai catchment
(Yue et al., 2015). Among the fertilizers, di-ammonium phosphate,
organic fertilizers, and urea accounted for 20–30%, 20–30%, and
40–60% (Wang et al., 2020), respectively. These fertilizers were mainly
applied from April to July. The fossil fuel combustion in the catchment
occurs mainly in winter, including the dwellings' heating requirements
and coal-fired power plants. Based on the perspective of catchment
hydrology, one site (HZV, 105°41′15″E, 26°16′09″N, 1220 m asl.) was

selected to collect rainwater samples (Fig. 1a). This site 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 significant human influence.

2.2. Sample collection and measurement

Rainwater samples collection was performed by a 65 cm diameter
polyethylene (PE) sampler installed on a building-rooftop approxi-
mately 8 m above the ground. The potential dust deposition on the non-
rainy days was avoided via a PE lid. Before sampling, the samplers were
cleaned with deionized-water, air-dried, lidded, and then prepared for
the next sampling. The sampling was performed on a daily basis during
the rainy days. Ultimately, 80 rainwater samples were collected from
June 2016 to May 2017, and most of them were obtained during the
rainy season.

Here, the samples were used for DOC concentration measurement,
after being filtered via 0.45 μm membrane filters (Millipore). The DOC
concentrations of rainwater were determined in the form of CO2 by the

Fig. 1. Map of study catchment (a) topography and observation site; (b) land use/cover. Map modified from (Yue et al., 2019).
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sodium persulfate oxidation method (TOC analyzer, Aurora 1030, OI
Analytical, USA) (Li et al., 2010; Qin et al., 2019). All the laboratory
work was conducted at the Institute of Geochemistry, Chinese Academy
of Sciences. For the method validation, the procedural blank was
measured together with the standards, samples, and the repeated
samples, by applying the same protocol. The analytical precision is
better than 5%. The major ions concentrations used in this study were
reported in previous work (Zeng et al., 2020c).

2.3. Calculations

The volume-weighted mean (VWM) DOC concentrations of rain-
water samples were calculated using the follow equations (Qin et al.,
2016):

=
∑

∑
C

C P
P
i i

i (1)

where C represents the VWM concentration of DOC, Ci is the DOC
concentration of each sample (mg L−1), Pi is the precipitation amount
of the corresponding sample. The precipitation amount data were taken
from our previous study in Houzhai catchment (Yue et al., 2019).

The monthly DOC deposition flux was estimated as follows (Meng
et al., 2019):

= × ×WD 0.001 C PVWM month (2)

where WD (g C m−2) is the monthly DOC deposition flux, CVWM re-
presents the monthly VWM DOC concentration of rainwater (mg L−1),
Ri is the monthly rainfall amount (mm). The sum of the monthly DOC
fluxes (June 2016 to May 2017) is defined as annual wet deposition
flux.

2.4. Data processing method

For the statistical analyses of obtained data, the normal distribution
of DOC data was calculated via the Kolmogorov–Smirnov (KeS) test,
one of the non-parametric tests commonly applied to analysis sample
data set. According to the results of the normal distribution test (non-
normally distribution), Spearman's rank correlation coefficient and
principal component analysis (PCA) were applied to reflect the re-
lationship between DOC concentrations and other ion concentrations.
All the data processing was performed using SPSS 21.0 (IBM, Armonk,
NY, USA).

3. Results and discussion

3.1. DOC of karst-agricultural rainwater

3.1.1. Concentrations comparison
The DOC concentrations of rainwater collected from the Houzhai

catchment were summarized in Table S1 and plotted in Fig. 2. It is
obvious that the mean concentration (1.46 mg C L−1) was greater than
the VWM concentration (0.63 mg C L−1), suggesting high concentration
generally tended to happen with low amounts of rainfall, which is
consistent with the data observed around the world (Fig. 2). The con-
centrations of rainwater DOC in the Houzhai catchment were highly
variable across the studied period, the highest DOC concentration
(8.18 mg C L−1) was almost 73 times higher than the lowest DOC
concentration (0.11 mg C L−1). The highest DOC concentration oc-
curred on 14th May 2017 (low rainfall = 1.6 mm), whereas the lowest
DOC concentration accompanied by a large daily rainfall amount
(32.8 mm) on 4th August 2016, implying a significant influence from
the rainfall. Accordingly, the rainwater DOC in this study is 1.2 to 91
times of the low background value in the remote area (0.09 mg C L−1,
Everest) (Li et al., 2016a), with an average of 16 times higher than the
low background value, indicating the obvious DOC external input. KeS
test showed that the DOC contents were non-normally distributed

(p < .1) in the sampling period. Combining the KeS test result and
standard deviation (SD, 1.48 mg C L−1), the mean DOC concentration
of rainwater has been significantly affected by the tremendously high
values. Therefore, the VWM concentration rather than mean con-
centration of DOC is more suitable for comparison, which is also widely
applied in the environmental researches (Iavorivska et al., 2016; Li
et al., 2017; Pantelaki et al., 2018).

Globally, the VWM concentration of rainwater DOC (0.63 mg C
L−1) in this study is only approximately a quarter of the Asian average
level (2.65 mg C L−1) or global average level (2.64 mg C L−1)
(Iavorivska et al., 2016) (Fig. 2), even close to the various background
sites (0.02–0.86 mg C L−1), such as the Himalayas, Tibet and the Azores
of Portugal (Cerqueira et al., 2010; Li et al., 2017; Li et al., 2016b). In
the agriculture-dominated areas, the present VWM (or mean) DOC
concentration is comparable to that found in Pennsylvania, USA and
South Island, New Zealand (Iavorivska et al., 2017b; Kieber et al.,
2002). In contrast, the rainwater DOC concentration in the urban area
(e.g., Northern China, Seoul Korea) is about two to six times higher than
that in present study (Fig. 2), particularly in areas of relatively heavily
air-polluted areas caused by large quantities of pollutant discharge,
such as Northern China and Beijing (Pan et al., 2010). Moreover,
compared to most of the coastal regions (Fig. 2), which are highly
susceptible to atmospheric oceanic currents, the rainwater DOC con-
centration in present study (inland monsoon region) is much lower. The
results discussed above suggested that the contribution of exogenous
organic carbon input is relatively low in terms of the DOC concentra-
tion of rainwater in the Houzhai catchment.

3.1.2. Seasonal variation and affecting factors
In the study period, a total of 1064 mm (close to the annual mean

rainfall amount) of rainfall was trapped and collected, and the monthly
rainfall amount varied significantly from 6.0 mm (December) to
387.5 mm (June). Accordingly, the monthly VWM DOC concentrations
were calculated based on Eq. (1) and plotted in Fig. 3. The monthly
rainwater DOC concentrations fluctuated between 0.4 and 4.0 mg C
L−1 (September and December, Fig. 3). The monthly DOC VWM con-
centration displayed an almost completely opposite variation trend to
the rainfall amount. This indicated that the rainfall amount is the cri-
tical influencing factor for the rainwater DOC, a finding which in accord
with another study (Li et al., 2016b).

To further illuminate the opposite trend between DOC concentra-
tion and rainfall amount, the relationship between rainfall and DOC
concentration was plotted in Fig. 4a. An opposite relationship was ob-
served between DOC concentration and rainfall amount (Fig. 4a). The
Spearman's rank correlation coefficient between DOC concentration
and rainfall data after logarithmic processing revealed that DOC con-
centrations in the Houzhai catchment were mostly influenced by the
dilution effect of high precipitation (r = −0.57, p < .01) (Fig. 4b),
which is widely supported by the previous studies (Li et al., 2016b; Yan
and Kim, 2012). In that dilution effect, the atmospheric C species could
be efficiently scoured (mainly the below-cloud scouring processes) via
the initial rain-stage, leading to the high DOC content occurred with
small rainfall. Conversely, without the persistent supplies of suspended
carbonaceous materials, the DOC content of the subsequent continuous
rain-stage inclines to be reduced gradually and remained at a low
concentration (Fig. 4a, the gray background box). The critical value of
the initial rainfall amount is approximately 10 mm from Fig. 4a, which
suggested that the atmospheric carbonaceous aerosols were basically
scoured completely at this rainfall amount condition. However, the
DOC concentrations of rainwater were closer to those of cloud-water
(carbonaceous aerosols dissolved in cloud droplets) when the rainfall
amount exceeds 10 mm, mainly reflecting the within-cloud process
(Xing et al., 2019; Zeng et al., 2020a). In this case (rainfall amount >
10 mm), the dilution effect of DOC was very weak, the long-distance
migration is therefore another non-negligible impacting factor for
rainwater DOC (Godoy-Silva et al., 2017).
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It is noteworthy that the VWM DOC concentrations from December
to March varied remarkably while the rainfall amount trend smooth in
these months (Fig. 3). This may also suggest that the content of gaseous
soluble organic matter and suspended organic C particles in the atmo-
sphere can impact the rainwater DOC concentration as well (Herckes
et al., 2002; Wei et al., 2020; Wei et al., 2019b). The research from the

USA also confirmed that the short-term regional high-intensity emis-
sions and atmospheric photo-chemical conversions might accelerate the
increase of rainwater DOC concentrations of some rainfall events
(Iavorivska et al., 2017b). Moreover, our previous study have con-
firmed that more anthropogenic emissions would be accumulated in the
atmosphere with increased human activities in winter (December to

Fig. 2. Rainwater DOC concentrations in Houzhai catchment and other regions around the world. Data sources: (Cerqueira et al., 2010; Iavorivska et al., 2016;
Iavorivska et al., 2017b; Kieber et al., 2002; Li et al., 2017; Li et al., 2016b; Pan et al., 2010; Pantelaki et al., 2018; Santos et al., 2013; Wang et al., 2016b; Witkowska
and Lewandowska, 2016; Xing et al., 2019; Yan and Kim, 2012).

Fig. 3. Monthly variations of VWM DOC concentrations of rainwater in Houzhai catchment.
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February), such as heating of dwellings (coal combustion) (Zeng et al.,
2020b), which would subsequently result in higher levels of gaseous
soluble organic species and particulate organic C in the air. Therefore,
the seasonal source variations e.g., anthropogenic emissions, could be
responsible for influencing the rainwater DOC concentration, as shown
in Fig. 3, which is also supported by the other study (Szidat et al.,
2006).

3.2. Origins of DOC

3.2.1. Correlation analysis and principal component analysis
Rainwater DOC has multifaceted sources including natural and

human-derived origins. The transportation distance of some initial at-
mospheric OC (mainly in the form of carbonaceous aerosols from nat-
ural/anthropogenic sources) is up to thousands of kilometers after
emission, and can even migrate to the polar regions and be deposited
there (Cao et al., 2009; Yan et al., 2019). On the other side, the mi-
gration distance of some local OC (e.g., low molecular weight organic
acids) is relatively short, and can be quickly captured by rainwater and
deposited (Zhang et al., 2011). Correlation analysis is one of the most
commonly applied methods for exploring the main origins of atmo-
spheric materials (Han et al., 2019; Keresztesi et al., 2020). In this
study, some typical signature chemical components (comprising Ca2+,
NH4

+, Na+, Mg2+, K+, SO4
2−, NO3

−, Cl−, and F−) in rainwater were
applied in the correlation analysis for qualitatively recognizing the DOC
origins. As shown in Fig. 5, both the correlation and principal compo-
nent analysis (PCA) showed that DOC origins were significantly dif-
ferent from the typical sea source (SS) Na+ (without significant cor-
relation, plotted in the different PC, Fig. 5a and b). Therefore, given the
fact that our study area is far from the ocean, the SS-DOC was negli-
gible. The correlation coefficients between the rainwater DOC and the
non-sea source (NSS) part of the major ions were therefore performed to
distinguish the DOC sources (Fig. 6).

3.2.2. Potential source identification
Generally, the agriculture-associated NH3 volatilization from ferti-

lizer (e.g., urea) and human/animal excrement applied in agricultural
soils is the primary sources of atmospheric NH4

+ (Lee et al., 2012; Xiao
et al., 2012). The strong correlation between rainwater DOC and NH4

+

(Fig. 6a) suggests that agriculture-related organics volatilization from
nitrogenous/organic fertilizers (urea and manure) are important

sources of rainwater DOC at the Houzhai catchment. Moreover, the
NH4

+/NO3
− molar ratio can be an effective value to identify the

agricultural and non-agricultural sources, and the NH4
+/NO3

− ratio
generally exceed 1 in the agriculture-dominated areas (Lee et al., 2012;
Wang and Han, 2011; Zhang et al., 2008), while the NH4

+/
NO3

− < 1.0 is mainly observed in some highly urbanized and in-
dustrialized regions, showing the characteristics of NO3

− dominant
nitrogen composition, such as Central New York (Fahey et al., 1999). In
diagram of DOC vs NH4

+/NO3
− of this study, most of the samples were

scattered on the right side of the line of NH4
+/NO3

− = 1 (Fig. 7a). This
further supports the significant contribution of agricultural production
to the rainwater DOC.

Rainwater has been confirmed as an important sink of OC derived
from fossil fuel combustion (e.g., coal and gasoline) in the atmosphere.
In the Houzhai catchment, significant positive correlations among
rainwater DOC and NO3

− and NSS-SO4
2−, were observed (Figs. 6b and

c), the two typical products of fossil fuel combustion (NOx and SOx, and
their ramification NO3

− and NSS-SO4
2−) (Charlson and Rodhe, 1982;

Wei et al., 2019a; Willey et al., 2006), which implied that rainwater
DOC might have origins of fossil fuel combustion similar to NOx and
SOx. Typically, these fossil fuel sources are usually divided into fixed
emission sources (coal combustion in industry, power plants and house
heating) and mobile sources (vehicle gasoline combustion) (Chandra
et al., 2005; Han et al., 2010). There was only one sample that presents
a SO4

2−/NO3
− ratio of less than 1 in the diagram of DOC vs SO4

2−/
NO3

− of this study (Fig. 7b), which indicated that the contributions of
fixed emission sources were much higher than those of mobile sources
to the rainwater DOC (Arimoto et al., 1996; Han et al., 2010; Xing et al.,
2019). This can be further supported by the existence of coal-fired
power plants, heating requirements in winter (relatively higher SO4

2−/
NO3

− ratio than other seasons, cyan diamond in Fig. 7b) and relatively
few vehicles in the Houzhai catchment. Therefore, we concluded that
fossil fuel burning (mainly coal-combustion) is another important
source of rainwater DOC at Houzhai catchment.

NSS-K+ was generally regarded as a tracer for biomass burning
(Godoy-Silva et al., 2017). Many studies have shown that biomass
burning contributes significantly to global atmospheric DOC, particu-
larly in areas with extensive agricultural production. This is also con-
firmed via the correlation between NSS-K+ and DOC in present study
(Fig. 6d). However, given that the specific farming practices from
biomass burning mainly occurred after the harvest, that is, biomass

Fig. 4. Correlations between DOC concentration and precipitation in Houzhai catchment from 2016-Summer to 2017-Spring. (a) raw data of DOC concentration v.s
precipitation; (b) logarithmic DOC content v.s logarithmic precipitation.
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burning activities only lasted for about one month per year, and
therefore, the contribution of biomass burning to rainwater DOC is very
limited. In contrast, the plant-released organic anionic species (e.g.
oxalate) in this agricultural catchment can be considered as a potential
source of rainwater DOC, which can be supported by the slight im-
balance between cations and anions in rainwater (implying the ex-
istence of the organic anions in rainwater) (Wu et al., 2012). Moreover,
the atmospheric windblown dust (Ca and Mg enriched materials)
(Hoffman et al., 1977; Rao et al., 2017) can also be a noteworthy source
of rainwater DOC in the Houzhai catchment according to the result
presented in Figs. 6e and f.

3.3. Wet deposition flux of DOC

According to the monthly rainfall amount and monthly VWM con-
centrations of rainwater DOC in Houzhai catchment, the monthly wet
deposition flux of DOC was estimated using Eq. (2). Differing from the
monthly VWM DOC concentration, a significant parallel variation was
observed between the deposition flux and the precipitation (Fig. S1),
which observed the largest monthly DOC deposition fluxes in June
(Summer) and the smallest in February (Winter) with a range of
13.9–159.9 mg C m−2 month−1 (Fig. S1). This is in line with other
studies (Li et al., 2016b; Xing et al., 2019). It is noteworthy that the
rainfall amount in May was only one third of that in June, while the wet
DOC deposition flux in May was little different from that in June (Fig.
S1). This could be explained by the fact that May is the month with the
most intense agricultural fertilization and fastest crop growth (Wang
et al., 2016a), which causes the more agriculture-derived organic
matters input to the atmosphere, which can be further trapped by the
rainwater.

Overall, the annual wet DOC deposition flux was approximately
0.67 g C m−2 yr−1 in the Houzhai catchment (Fig. 8 and Table S1),
from which the wet DOC deposition fluxes in May and June account for
almost half of the annual wet DOC deposition flux (45%, Fig. S1). In
Fig. 8, our wet DOC deposition flux is well below the global average
(3.4 g C m−2 yr−1), while it is close to background sites (0.16 to 0.63C
m−2 yr−1 in Everest and Lhasa, Himalayas) and a coastal island with
little human disturbance (0.4C m−2 yr−1 in the Azores, Portugal)
(Cerqueira et al., 2010; Iavorivska et al., 2016; Li et al., 2017; Li et al.,
2016b). Unsurprisingly, the annual wet DOC deposition flux in Houzhai
catchment was also lower than other agricultural and urban regions
(1.8 to 7.3C m−2 yr−1) (Godoy-Silva et al., 2017; Pan et al., 2010;
Pantelaki et al., 2018; Wang et al., 2016b; Witkowska and

Lewandowska, 2016; Xing et al., 2019; Yan and Kim, 2012), reflecting a
low contamination level of atmospheric organic carbon in the studied
karst agricultural catchment.

According to the area of Houzhai catchment (73.4 km2) and the
annual wet DOC deposition rate (0.67 g C m−2 yr−1), the wet DOC
deposition loading into catchment was calculated to be 49.2 t C yr−1.
The annual runoff of Houzhai catchment is about 32 × 106 m3 yr−1

(Yue et al., 2019; Zhang et al., 2020), and fluvial DOC flux by Houzhai
River is completely controlled by the runoff. Therefore, the fluvial DOC
flux occurs via the total outlet (~200 m from HZV) could represent the
total DOC flux of the catchment. Combined with the fluvial DOC con-
centrations (0.81–1.10 mg L−1) of total outlet (Qin et al., 2019) and the
annual runoff, the annual fluvial DOC loading of Houzhai catchment is
roughly evaluated to be 25.9–35.2 t C yr−1. It can be obviously seen
than the wet DOC deposition loading is about 1.6 times of the fluvial
DOC loading, which highlights the potential significant influence of the
wet DOC deposition on surface drainage of Houzhai catchment.

4. Conclusions

In conclusion, we investigated the one-year data on the rainwater
DOC to identify the concentrations, seasonal variations, controlling
factors, deposition flux, and potential sources in a karst area with a
vulnerable agro-ecosystem (the Houzhai catchment), SW China. The
results revealed that Houzhai catchment has undergone slight con-
tamination of atmospheric organic matter based on the low con-
centration (0.63 mg C L−1) and wet deposition flux (0.67 g C
m−2 yr−1) of rainwater DOC. The seasonal variations of DOC con-
centration and deposition flux indicated that the precipitation is the
critical reason influencing the rainwater DOC. In addition, long-dis-
tance migration and anthropogenic emissions were also potential im-
pacting factors. Moreover, the agriculture-related volatilization (e.g.,
nitrogenous fertilizer and organic fertilizers) and fossil fuel burning
(primarily coal-combustion) were considered as the primary origins of
rainwater DOC in terms of the correlation analysis with rainwater
chemicals (and their molar ratio), while the contribution of biomass
burning, plant-released, and windblown dust to the rainwater DOC
were negligible. This work complements the rainwater DOC study in
karst agricultural areas and contributed to the corpus of knowledge on
the global carbon biogeochemical cycle.

Fig. 5. The correlation analysis (a) and principal component analysis (b) of rainwater and major ions in Houzhai catchment. The Spearman's rank correlation
coefficient was applied for the DOC concentrations due to the data were not normally distributed, the significance level is p < .05.
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Fig. 8. Wet deposition fluxes of DOC in Houzhai catchment, other observed results around the world are also presented. Data sources are same to Fig. 2.
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