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Speleothem calcite stable oxygen isotope (δ18OC) is one of the most widely used proxies in
paleoclimate research, and understanding its seasonal-annual variability is very significant
for palaeoclimate reconstruction. Five-year precipitation and karst cave water from 2016 to
2021 were monitored in Shennong cave, Jiangxi Province, Southeast China. The local
meteoric water line (LMWL) is δD � 8.20 × δ18O + 13.34, which is similar to the global
meteoric water line. The stable hydrogen and oxygen isotope (δD and δ18O) characteristics
of precipitation and cave water were studied. δ18O and δD of precipitation and cave water
show obvious seasonal variations. Lower precipitation δ18O and δD generally occur during
summer and autumn compared with higher δ18O and δD values during winter and spring.
Meanwhile, low precipitation δ18O values do not only appear in June–July when
precipitation is the highest of the year but also appear in August–September when
precipitation is limited. The back-trajectory analysis of monsoon precipitation moisture
sources shows that the moisture uptake regions vary little on inter-annual scales; the water
vapor of rainfall in June–July comes from the South China Sea and the Bay of Bengal, while
the moisture source in August–September is mainly from the West Pacific and local area.
The El Niño-Southern Oscillation is an important factor affecting the value of δ18O by
modulating the percentage of summer monsoon precipitation in the annual precipitation
and moisture source. The relationship between amount-weighted monthly mean
precipitation δ18O and Niño-3.4 index shows that the East Asian summer monsoon
(EASM) intensifies during La Niña phases, resulting in more precipitation in monsoon
season (May to September, MJJAS) and lower δ18O values, and vice versa during El Niño
phases.
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INTRODUCTION

Speleothem calcite stable oxygen isotope (δ18OC) records in
eastern China are used to reflect the characteristics of the East
Asian summer monsoon (EASM) on different timescales (Wang
et al., 2001; Cheng et al., 2016; Cheng et al., 2019; Zhang et al.,
2019). However, the significance of δ18OC has long been debated.
For example, on orbital timescales, the Asian summer monsoon
intensity inferred from Chinese speleothem δ18OC records show a
significant precession signal and closely follow Northern
Hemisphere summer insolation (NHSI) (Wang et al., 2008;
Cai et al., 2015; Tan et al., 2015; Cheng et al., 2016; Kathayat
et al., 2016; Tan et al., 2018; Cheng et al., 2021), while the Arabian
Sea marine multi-proxy records indicate that the Asian summer
monsoon intensity lags NHSI ∼8 ka (Clemens et al., 2010;
Clemens et al., 2018). Clemens et al. (2010) attributed this
discrepancy to the comprehensive influence of the moisture
source and moisture transport pathway on speleothem δ18OC.
Recently, Cheng et al. (2021) and Zhang et al. (2021) point out
that a coherent orbital-scale speleothem δ18OC variability across
most Asian monsoon regions (except southeastern China) indeed
stems from the NHSI-forced changes in overall monsoon
intensity; speleothem and marine records are complementary
rather than incompatible, and each record reflects a certain aspect
of Asian monsoon dynamics. Speleothem δ18OC records in
southeastern China are rather distinct and should not be
linked directly to the overall monsoon intensity due to its
distinct precipitation seasonality (Zhang et al., 2020; Zhang
et al., 2021).

Precipitation δ18O is the dominant factor controlling the δ18OC

signal in monsoonal China. The δ18O values of cave water have a
direct linkagewith the local precipitation; the cavewater provides the
material that forms stalagmites and represents a link between the
external environment and cave deposits (Tooth and Fairchild, 2003;
Bradley et al., 2010; Oster et al., 2012). In the northern and
southwestern regions of monsoonal China, monsoon rainfall
accounts for more than 70% of annual rainfall, while in
southeastern China, especially the spring persistent rain region,
where the EASM precipitation is equivalent to the non-summer
monsoon (NSM) precipitation, the EASM precipitation only
accounts for ∼50% of annual rainfall (Zhang et al., 2020).
Monitoring data from 2011 to 2013 in Shennong cave, Southeast
China, indicate that the speleothem δ18OC values reflect drip water
δ18O values inherited from the amount-weighted annual mean
precipitation δ18O outside the cave (Zhang et al., 2018). It
indicates that the speleothem δ18OC values in southeastern China
might be controlled by both EASM and NSM precipitation, which
are different from the northern and southwestern regions of
monsoonal China where the speleothem δ18OC values are mainly
influenced by monsoon precipitation. Hence, understanding the
long-term and high-frequency variation of present-day precipitation
δ18O in the area where speleothems form can help us interpret past
climatic and environmental information stored in speleothem δ18OC

(e.g., Wu et al., 2014; Duan et al., 2016; Sun et al., 2018; Wang et al.,
2018; Zhang and Li, 2019; Wang et al., 2020).

To further understand the speleothem δ18OC and hydrological
process in the spring persistent rain region, this study analyzes the

δD and δ18O records of cave water and local precipitation
according to 5-year monitoring data obtained from Shennong
cave in southeastern China. A comprehensive analysis of inter-
annual and seasonal variation of δD and δ18O of drip water and
precipitation improves our understanding of the significance of
speleothem δ18OC and its influencing factors in southeastern
China.

MATERIALS AND METHODS

Study Cave and Regional Climate
Shennong cave (28°42′N, 117°15′E; 383 m above sea level) is
located in the northeast of Jiangxi Province, southeastern China
(Figure 1A). EASM plays an important role in hydroclimate
change for this mid-subtropical region. The rainy season includes
both the spring persistent rain period and the summer monsoon
period (Ding, 1992; Tian and Yasunari, 1998; Wan et al., 2008;
Zhang et al., 2018; Zhang et al., 2020). Spring persistent rain
occurs fromMarch to mid-May in the south of the Yangtze River
(Tian and Yasunari, 1998; Wan and Wu, 2007; Wan and Wu,
2009; Zhang et al., 2020). The nearest meteorological station
Guixi (28°18′N, 117°14′E, Figure 1B) shows the mean annual
precipitation is ∼2,044 mm (2016–2020 CE). Monitoring data
from 2011 to 2013 show that the mean temperature in the cave is
19.1°C with a standard deviation of 2.5°C, consistent with the
mean annual air temperature outside, and the relative humidity in
the interior of the cave reaches 100% during most of the year
(Zhang et al., 2018). Previous studies suggested that on inter-
annual timescales, the seasonality of precipitation amount
(i.e., EASM/NSM ratio) is modulated by El Niño-Southern
Oscillation (ENSO) and primarily influences the variability of
amount-weighted annual mean precipitation δ18O values in the
spring persistent rain region; integrated regional convection and
moisture source and transport distance play a subordinate role
(Wu and Kirtman, 2007; Feng and Li, 2011; Wu and Mao, 2016;
Zhang et al., 2020).

Sample and Data Collection
The precipitation outside the cave was collected from October
2016 to June 2021; the rainwater from September 2017 to October
2018 was missed because the local assistant was unavailable. The
drip water, river water, and pool water inside the cave were
collected from October 2017 to June 2021. We chose two drip
water sites in the cave; D1 is near the manual tunnel entrance of
the cave (∼50 m), and D2 is deep inside, ∼2 km distance from the
entrance (Figure 1C). All the cave water was collected twice a
month, at the beginning and the middle of each month. D1 takes
4–5 h to fill a 15-ml tube of water, and it needs half an hour for
D2. Rainfall water was collected after each precipitation event
directly. Pre-washed 0.25 μm nylon membrane filters were used
to filter the water samples. All samples were kept in 15 ml
polypropylene conical centrifuge tube at 3°C before analysis. In
total, 515 samples of precipitation water, river water, pool water,
and drip water were collected and measured.

Instrumental data of Guixi station were obtained from China
Meteorological Data Service Center (https://data.cma.cn/). The
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amount-weighted monthly mean precipitation δ18O and δD are
calculated following the equations here:

δ180 � (P1 × δ1801 + P2 × δ1802 +/ + Pn

× δ180n)÷(P1 + P2 +/ + Pn)
δD � (P1 × δD1 + P2 × δD2 +/ + Pn × δDn)÷(P1 + P2 +/

+ Pn)

where P represents the rainfall amount of each precipitation event
and n represents the time of the precipitation event within
a month.

Sample Analysis
Water isotope analyses of precipitation and cave waters were
performed with a Picarro L2140-i water isotope analyzer
(Picarro Inc., Sunnyvale, CA, United States) in the Isotope
laboratory of Xi’an Jiaotong University. Picarro analyzers use
time-based, optical absorption spectroscopy of the target gases
to determine concentration or isotopic composition. They are
based on wavelength-scanned cavity ring-down spectroscopy
(WS-CRDS). The measurement accuracy is typically 0.025‰
for δ18O and 0.1‰ for δD, and the results were presented as the
relative value to the Vienna Standard Mean Ocean Water
(VSMOW) value.

Back-Trajectory and Moisture Source
Analysis
The atmospheric moisture flux associated with precipitation
was analyzed with the HYbrid Single-Particle Lagrangian
Integrated Trajectory model (HYSPLIT) model (http://ready.

arl.noaa.gov/HYSPLIT.php, Stein et al., 2015). A standard level
of 850 hPa (∼1,500 m) was chosen as the starting height, for it
is usually regarded as cloud base or precipitation height and
has been used as the main moisture transportation level in
EASM regions (Cai et al., 2017; Sun et al., 2018; Zhang et al.,
2020). The backward duration was set as 120 h to avoid the
increase of uncertainty of trajectories with duration (Krklec
et al., 2018).

We firstly find out all dates which have the precipitation
records at Guixi meteorological station in May to September
(MJJAS) of 2017, 2019, and 2020. The National Center for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) Reanalysis daily data with 2.5°

resolution were used to calculate hourly atmospheric pressure,
potential and environmental temperature, precipitation, and
relative humidity from UTC 00:00 to the past 120 h of each
precipitation day. These are used to calculate specific humidity
follow the equations in Krklec et al. (2018).

The HYSPLIT analysis assumes the “integrity” of air parcels
over several days and neglects the effects of mixing with
neighboring parcels (Krklec et al., 2018). The locations taken
along the trajectory were identified under two criteria: 1) the
positive gradient in specific humidity was above 0.2 g/kg within
every 6 h and 2) the initial relative humidity was more than 80%
(Sodemann et al., 2008; Cai et al., 2018; Zhang et al., 2020).
Moisture uptake locations were identified along each trajectory.
The percentage of daily precipitation was weighed considering
the amount of precipitation and was divided equally into the
number of identified moisture uptake locations along each
trajectory.

A grid of 1 × 1° was used for spatial computation of moisture
uptake locations. Each cell of the grid integrates the percentage of

FIGURE 1 | (A) Location of Shennong cave (red star) in China. (B) Location of Shennong cave and Guixi station in Jiangxi Province. (C) Schematic picture of
Shennong cave and the water collection position.
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moisture uptake accumulated during different events and/or
moisture uptake locations within the cell. The resulting model
provides a map with discrete locations showing the percentage of
moisture uptake contributing to Guixi meteorological station
precipitation.

RESULTS

δD and δ18O
Instrumental data of Guixi station from July 2016 to June 2021
show that the highest rainfall amount of the year appears in
June–July (Figure 2A). The annual precipitation amount in 2018
and 2019 was lower than in other years (Figure 2B). The
monsoon rainfall of 2017 and 2020 account for 56% and 70%
of the annual rainfall amount, respectively; for the other 3 years,
the proportion of monsoon and non-monsoon rainfall amounts
are almost equal (Figure 2B).

From October 2016 to June 2021, amount-weighted monthly
mean precipitation δ18O values vary from −13.03‰ to 0.16‰,
with a mean value of −5.39‰; the δD value varies from −93.09‰
to 14.50‰, and the mean value is −29.55‰ (Table 1). The
amount-weighted annual mean precipitation δ18O values of
2017, 2019, and 2020 are −9.05‰, −4.71‰, and −7.50‰, and
the δD values of 2017, 2019, and 2020 are −59.63‰, −28.18‰,
and −45.91‰, respectively (Table 2).

Based on the precipitation δD and δ18O data, a local meteoric
water line (LMWL) at the Shennong cave site was established as
follows (Figure 3A):

δD � 8.20 × δ180 + 13.34(r2 � 0.96, n � 85)

From November 2016 to June 2021, the δD values of drip water
from site D1 range from −42.22‰ to −32.26‰ with a mean value
of −37.64‰, and its δ18O values vary from −7.83‰ to −5.44‰
with a mean value of −6.48‰ (Table 1). The δD values from site
D2 vary from −48.28‰ to −22.71‰, and the average value is
−37.53‰; its δ18O values vary from −7.88‰ to −4.94‰ with a
mean value of −6.49‰ (Table 1). The δD values of pool water vary
between −48.85‰ and −17.11‰, and the average value is
−35.81‰. The δ18O values vary between −7.81‰ and −4.28‰
with an average value of −6.22‰. For river water from the cave, the
range of δD value is −50.71‰ to −17.47‰ with a mean value of
−34.08‰. The range of δ18O value is −8.06‰ to −3.72‰ with an
average value of −5.86‰ (Table 1) The δ18O and δD values of drip
waters (D1 and D2), river water, and pool water generally
distribute along the LMWL (Figure 3B).

The amount-weighted monthly mean δD and δ18O values of
precipitation show a rapid decrease from 4.14‰ to −86.43‰ and
from −1.63‰ to −11.81‰ during the monsoon season in 2017,
respectively (Figures 4A,B). This significant decrease can be also
observed in δD and δ18O record of D2 (−32.51‰ to −48.28‰ for

FIGURE 2 | (A)Monthly precipitation (yellow column) of Guixi Station from July 2016 to June 2021. (B) Annual precipitation amount of each year from 2016 to 2021
in Guixi station, with the proportion of monsoon rainfall amount (MJJAS, yellow column) and non-monsoon rainfall amount (green column).

TABLE 1 | Ranges of δ18O and δD values of different types of water and their average values.

Water δ18O (‰) δ18O average (‰) δD (‰) δD average (‰)

Amount-weighted monthly mean precipitation −13.03 to 0.16 −5.39 −93.09 to 14.50 −29.55
D1 −7.83 to −5.44 −6.48 −42.22 to −32.26 −37.64
D2 −7.88 to −4.94 −6.49 −48.28 to −22.71 −37.53
Pool water −7.81 to −4.28 −6.22 −48.85 to −17.11 −35.89
River water −8.06 to −3.72 −5.87 −50.71 to −17.47 −34.14
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δD and −6‰ to −7.88‰ for δ18O), river water (−32.48‰ to
−50.71‰ for δD and −5.91‰ to −8.06‰ for δ18O), and pool
water (−30.83‰ to −48.49‰ for δD and −5.73‰ to −7.81‰ for
δ18O), while D1 shows an insignificant decrease during the same
time, from −6.48‰ to −6.69‰ (Figures 4A,B). During the
monsoon season of 2020, the amount-weighted monthly mean
δD and δ18O values of precipitation also show a significant
decrease from −15.11‰ to −66.93‰ and from −3.32‰ to
−9.59‰, respectively, consistent with the decrease in D1
(−36.11‰ to −42.22‰ for δD and −6.15‰ to −7.83‰ for
δ18O), river water (−26.53‰ to −46.52‰ for δD and −6.04‰
to −7.60‰ for δ18O), and pool water (−31.81‰ to −45.49‰ for
δD and −5.26‰ to −7.38‰ for δ18O), while D2 does not record
this obvious decrease. The δD and δ18O values of drip water, pool
water, and river water in the monsoon season of 2019 show the
highest values during the interval of 2016–2021.

d-Excess
The deuterium excess (d-excess, defined as δD � 8 × δ18O;
Dansgaard, 1964) profiles of the drip water D1 and D2, river
water, and pool water show a similar variation (Figure 4C).
Lower d-excess values appear in the late monsoon season and
autumn of 2018 and 2019 with the lowest values in the monsoon

season of 2019. The highest d-excess values within a year appear
from winter to early spring (Figure 4C). Remarkably, an abrupt
decrease of d-excess occurs in drip water, river water, and pool
water from July to September 2019. Although the significant
decrease of river water d-excess values can be also observed in the
monsoon season of 2018, there is no obvious change in drip water
and pool water. Unfortunately, precipitation data between 2017
autumn and 2018 are unavailable.

Moisture Back-Trajectories
The moisture uptake locations were identified along the
trajectories, and their contributions to the annual precipitation
amount were also calculated. The results show that the moisture
uptake locations and their contributions are similar in the MJJAS
of 2017, 2019, and 2020. During the monsoon season, the
moisture sources mainly come from southern China, the
South China Sea, and the Bay of Bengal. A relatively less
amount of the moisture sources is from northern China and
the West Pacific (Figures 5A–C). The moisture uptake locations
in June–July show the same pattern and contributions of MJJAS
(Figures 5D–F), while the moisture back-trajectories of
August–September exhibit more moisture from local area and
the West Pacific.

TABLE 2 | Annual mean δ18O and δD values of different types of water from 2016 to 2020.

Water 2017 2018 2019 2020

δ18O (‰) δD (‰) δ18O (‰) δD (‰) δ18O (‰) δD (‰) δ18O (‰) δD (‰)

Amount-weighted annual mean precipitation −9.05 −59.63 — — −4.71 −28.18 −7.50 −45.91
D1 −6.64 −38.74 −6.67 −39.23 −6.10 −35.56 −6.48 −37.20
D2 −6.91 −40.24 −6.64 −38.22 −5.85 −32.97 −6.50 −38.18
Pool water −6.68 −39.01 −6.55 −38.27 −5.45 −29.94 −6.20 −36.45
River water −6.4 −37.43 −6.00 −35.89 −5.09 −28.82 −5.92 −34.32

FIGURE 3 | (A) Distribution of δ18O and δD of precipitation and the local meteoric water line (LMWL) based on the δ18O and δD values of precipitation collected
outside Shennong cave (red line). The global meteoric water line (GMWL, dashed black line, Craig, 1961) is plotted for comparison. (B) Distribution of δ18O and δD of
different kinds of cave water and their relationship with LWML and GMWL.
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FIGURE 4 | (A) δ18O values of amount-weighted annual mean precipitation (black) from October 2016 to June 2021 outside Shennong cave, drip water site D1
(red) and D2 (blue) fromNovember 2016 to June 2021 in Shennong cave, river (green) and pool (pink) fromOctober 2016 to June 2021 in Shennong cave compared with
Niño-3.4 Index (orange, Climate Prediction Center of National Oceanic and Atmospheric Administration, https://origin.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ONI_change.shtml). (B) Same as (A) but for δD. (C) Same as (A) but for d-excess.
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DISCUSSION

Seasonal Variabilities
According to the precipitation record from Guixi station, the
spring and summer rainfall takes the most (69–86%) of the
annual rainfall amount. The rainy season starts in March and
ends in September, which fits the time of spring persistent rain
and summer monsoon (Figure 2A). Although some short-time
spikes of precipitation δD and δ18O have not been recorded in
drip water, such as the fact that D1 did not show significant
decrease of δD and δ18O values in August 2017 and D2 did not
record the rapid decrease of δD and δ18O values in August 2020,
the δD and δ18O records of both precipitation and cave waters
show a generally similar variation, indicating the transmission of
δD and δ18O signals from rainfall to drip water.

June–July always has the most precipitation of the year,
whereas the lowest precipitation δD and δ18O values do not
only appear in these 2 months but also in August–September
(Figures 4A,B), though the precipitation amount in
August–September is much lower than in June–July

(Figure 2A). It means that precipitation δ18O is not negatively
correlated with precipitation amount, indicating that the
“amount effect” does not fit the precipitation δ18O values in
southeastern China on seasonal timescales. The lower
precipitation δ18O values in August–September might be
caused by different moisture sources, which will be further
discussed below. Our monitoring data at Shennong cave
further show that amounted-weighted monthly mean
precipitation δ18O in spring (March–April–May) is higher
than that in August–September (Figure 4A), though
March–April–May rainfall amount is much higher than in
August–September (Figure 2A). Many studies have also
observed that the precipitation amount does not correlate to
the speleothem δ18OC value in monsoonal China; factors such as
moisture source, integrated regional convection, convection in
the moisture source region, precipitation seasonality, and winter
temperature have been proposed to explain the speleothem δ18OC

in southeastern China (Dayem et al., 2010; Tan, 2014; 2016; Baker
et al., 2015; Cheng et al., 2016; Cai et al., 2018; Zhang et al., 2020;
Zhang et al., 2021).

FIGURE 5 | Distribution of moisture uptake contributing to precipitation of Guixi. (A), (B), and (C) show the moisture uptake locations and contributions to
monsoonal (MJJAS) rainfall of 2017, 2019, and 2020, respectively. (D), (E), and (F) are the same as (A), (B), and (C) but only for the rainfall of June and July of 2017,
2019, and 2020, respectively. (G), (H) and (I) are the same as (A), (B), and (C) but only for the rainfall of August and September of 2017, 2019, and 2020, respectively.
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The HYSPLIT model analysis of precipitation in MJJAS shows
that moisture is mainly derived from the Bay of Bangle and the
South China Sea, and relatively less moisture is from the West
Pacific Ocean and southern China (Figures 5A–C). Our result is
broadly consistent with previous studies by using a similar
moisture diagnosis method (e.g., Cai et al., 2018; Ruan et al.,
2019; Zhang et al., 2020). When atmospheric vapor moves from
the ocean to the continent, raindrops would be formed in the
cloud by condensation of water vapor, the liquid phase is
enriched in 18O, and the continuing preferential removal of
18O via precipitation causes depletion of 18O in the remaining
vapor phase. Thereby, the δ18O values of water vapor in the
remaining air masses become progressively lower as rain
continues to fall from it in further inland regions.

To explain the lower values of precipitation δ18O in
August–September, the moisture back trajectory analysis of
June–July and August–September are performed, respectively
(Figures 5D–I). The results show that the Bay of Bengal and
the South China Sea provide the main part of water vapor source
in June–July (Figures 5D–F). The precipitation back-trajectories
in August–September are mainly from the West Pacific and the
land (southeastern China) (Figures 5G–I), indicating that the
local moisture provides a large portion of the precipitation in
August–September. We also compare strong precipitation events
(daily rainfall amount >50 mm) and typhoon records with the
precipitation δ18O records in the study area over the past 5 years
(Figure 6). It shows that there are no obvious strong precipitation
events caused by typhoon in August and September, suggesting
that typhoon precipitation is not the reason for significantly lower
δ18O values of precipitation in August–September.

d-Excess can add more information on fractionating processes
in convective systems (Gat, 1996). The value of d-excess reflects
the extent of the kinetic fractionation; it is mainly dependent on
sea surface temperature, normalized relative humidity, and wind
speed at the moisture source (Jouzel and Merlivat, 1984; Uemura
et al., 2008; Pfahl and Sodemann, 2014). It is generally negatively
correlated with the relative humidity of the air masses formed
above the ocean (Merlivat and Jouzel, 1979; Gat et al., 1996; Pfahl
and Wernli, 2008; Uemura et al., 2008). Relative humidity
variations greatly modify the relative influence of diffusive and
equilibrium fractionation at the liquid–vapor transitions. Because
of the significant differences for the diffusive and equilibrium
fractionation associated with δD and δ18O, a change in the
proportion of diffusive and equilibrium fractionations results
in a change in d-excess (Landais et al., 2010). Higher
precipitation d-excess values during winter and spring relate to
the low relative humidity of moisture source, while lower d-excess
values of summer and autumn precipitation correspond to high
relative humidity and the secondary evaporative effects of the
falling raindrops through the dry atmosphere (Gat and Carmi,
1970; Gat, 1996). Figure 4C shows that the d-excess values of
precipitation in the monsoon season are lower than those in the
non-monsoon season, especially in June–July and also in
August–September, indicating a high relative humidity of
moisture source area and a strong evaporation effect. As
shown in Figures 2A and 5G–I, the precipitation amount in
August–September is low, and the local areas provide a large
portion of the precipitation. According to the lower d-excess
values of this period, we suggest that a large amount of
precipitation in June–July was preserved in the form of surface

FIGURE 6 | Comparison between precipitation δ18O and China tropical cyclone events (yellow columns) (https://www.typhoon.org.cn/) and strong precipitation
events (>50 mm/day) in Guixi station (blue columns).
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water and soil water and experienced secondary evaporation in
August–September, which cause more negative δ18O values.

Inter-Annual Variabilities
As we have mentioned above, ENSO significantly influences the
precipitation δ18O in southeastern China by modulating changes
in the precipitation seasonality and the moisture source (Yang
et al., 2016; Wang et al., 2020; Zhang et al., 2020). It can be
observed that the monthly Niño-3.4 index shows a generally
positive correlation with amount-weighted monthly mean
precipitation δ18O in the study area (Figures 4A,B). La Niña
phases occurred in August to December 2016, October 2017 to
April 2018, and August 2020 to May 2021; δ18O values of
precipitation and cave water in La Niña phase are lower than
in El Niño phase which happened between September 2018 and
June 2019 (Figure 4A). On inter-annual timescales, the amount-
weighted annual mean precipitation δD and δ18O values of 2019
are higher than of 2017 and 2020 (Table 2). The annual total
precipitation amount in the Guixi station of 2017 (2,192 mm) and
2020 (2,222 mm) is much higher than the annual rainfall amount
of 2018 (1,786 mm) and 2019 (1,857 mm) (Figure 2B). The
monsoon rainfall in 2017 and 2020 take more proportion of
the annual rainfall amount, especially in 2020, when monsoon
precipitation takes 70% of the annual rainfall amount. In 2019,
monsoon and non-monsoon precipitation amounts are almost
equal; not only the amount-weighted annual mean precipitation
δD and δ18O but also the cave water annual mean δ18O and δD
are higher than in 2017 and 2020 (Table 2). Previous studies have
suggested that the difference in amount-weighted annual mean
precipitation δ18O between El Niño and La Niña years is
primarily influenced by the precipitation seasonality, and
changes in the EASM precipitation play a key role in changing
the EASM/NSM ratio (Zhang et al., 2020). Indeed, EASM
precipitation accounts for a higher percentage of annual
precipitation in La Niña years than in El Niño years
(Figure 2B). More EASM precipitation and a higher ratio of
EASM/NSM in 2017 and 2020 correspond to lower amount-
weighted annual mean precipitation δ18O values compared with
those in 2019 (Table 2).

The moisture uptake locations of MJJAS precipitation vary
little between years no matter the δ18O values are relatively high
or low (Figures 5A–C), which is consistent with previous results
by Cai et al. (2017) and Zhang et al. (2020). However, the
moisture uptake locations of June–July in 2020 show that
there was almost no atmospheric vapor from adjacent land
areas and the West Pacific compared with 2017 and 2019
(Figure 5F), indicating that the impact of changes in moisture
transport on monsoon precipitation δ18O cannot be excluded.
The variations in moisture source locations and transport
distance might also have contributions to precipitation δ18O
(Zhang et al., 2020). Further quantitative studies about
changes in moisture uptake location on inter-annual
timescales are needed, which will reinforce our understanding
of the climatic significance of the speleothem δ18OC. Studies have
demonstrated that the EASM intensifies (weakens) during the La
Niña (El Niño) years (Sun et al., 2018; Zhang et al., 2018; Wang
et al., 2020). Therefore, according to current understanding, we

suggest that during El Niño phases, weakened EASM and reduced
integrated regional convection might cause less EASM
precipitation and lower EASM/NSM ratio thus resulting in
higher precipitation δ18O values and vice versa in La Niña
phases (Gao et al., 2013; Zwart et al., 2016; Cai et al., 2018;
Zhang et al., 2020).

CONCLUSION

In this paper, we examined the correlations of δ18O and δD
between amount-weighted monthly mean precipitation and cave
water at Shennong cave in Southeast China over the period from
2016 to 2021. We found the primary connection among cave
water δ18O, the monsoon precipitation, and the ENSO phase.
Specifically, the following conclusions can be drawn:

1) Complete water isotope records were established at Shennong
cave. Obvious seasonal variations of δ18O and δD of
precipitation and cave waters are shown; lower δ18O and
δD values generally occur during summer and autumn, and
higher δ18O and δD values occur during winter and spring.
The LMWL is δD � 8.20 × δ18O + 13.34.

2) The water vapor in June–July generally takes a large portion of
MJJAS precipitation and leads to low δD and δ18O values, but
August–September precipitation also has very low δD and
δ18O values though the precipitation amount is limited.
Therefore, the “amount effect” might not fit the
precipitation δ18O values in southeastern China on
seasonal timescales. This might be caused by the strong
evaporation effect of surface water and soil water in
August–September; the water preserved in the surface and
soil are from the precipitation in June–July. On seasonal
timescales, precipitation and speleothem δ18O values in the
study area might be primarily controlled by the changes in
moisture source. Precipitation in June–July is mostly
transported from remote moisture sources in the South
China Sea and the Bay of Bengal, while the West Pacific
and local land areas provide most of the water vapor in
August–September to the study area.

3) During El Niño (La Niña) phases, less (more) monsoonal
rainfall and more (less) non-monsoonal rainfall led to lower
(higher) EASM precipitation amount ratios of the year and
result in higher (lower) precipitation δ18O values. The
proportion of summer monsoon precipitation in the
annual precipitation is an important factor affecting the
value of δ18O. When the annual precipitation amount is
low or the proportion of summer monsoon precipitation is
small, the amount-weighted annual mean value of δ18O is
higher. Conversely, when summer monsoon precipitation
takes a large portion of annual rainfall, the amount-weighted
annual mean δ18O value is lower. Moisture source might
have little impact on precipitation δ18O and speleothem
δ18OC values on inter-annual scales, but it cannot be
completely excluded because almost no nearby moisture
was observed in the early summer of La Niña phase
(June–July in 2020).
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