
1.  Introduction
Water stable isotopes (δ18O and δ2H) are considered as natural tracers of hydrological cycles because water 
isotopes fractionate (through equilibrium and kinetic fractionations) during phases change and diffusive 
processes. Precipitation δ18O and δ2H have been related to local environmental or climatic conditions at 
sampling sites, for example, a positive correlation between precipitation isotope values and temperature at 
midlatitudes to high latitudes (temperature effect), and an anticorrelation between precipitation amount 
and isotope values in subtropical and tropical regions (amount effect). These isotope–climate relation-
ships have been applied to interpret paleoclimate records, such as ice cores and speleothems, and help 
us to understand past climate change (e.g., Cheng et al., 2016; Hoffmann et al., 2003; Jouzel, 2003; Klein 
et al., 2016). In more recent investigations of tropical precipitation, particularly on daily and event time 
scales, extremely weak or no correlation is found between stable isotopes and rainfall (e.g., He, Goodkin, 
Jackisch, et al., 2018; He, Goodkin, Kurita, et al., 2018; Kurita et al., 2009; Lekshmy et al., 2014; Moerman 
et al., 2013; Vimeux et al., 2011). The stable isotopes in the event or daily precipitation are largely controlled 
by the convective activities, precisely the integration of convective activities or accumulative convective ac-
tivities prior to the precipitation (He, Goodkin, Jackisch, et al., 2018; Vimeux et al., 2011). Thus, the amount 
effect appears in a regional scale not in daily or event scales. Observations and model simulations indicate 
that cloud microphysics and cloud types have significant influence on precipitation stable isotopes (Munks-
gaard et al., 2019; Risi et al., 2008; Tremoy et al., 2014). Isotope-enabled general circulation models (GCMs) 
have also been used in stable isotope studies of precipitation. However, while these GCMs reproduce the 
global distribution of mean annual isotopes in precipitation reasonably well, they tend to overestimate the 
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stable isotope analysis to further our understanding of the drivers of tropical precipitation isotopes, in 
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strong periodic variability; spectral analysis reveals 3-month, 6-month, and 2.7-year periodicities, likely 
corresponding to intraseasonal oscillations, monsoons, and the El Niño–Southern Oscillation (ENSO), 
respectively. In contrast, d-excess shows no clear periodicities. Although spectral analysis only identifies 
6-month periodicity in the δ18O time series, δ18O tracks the Nino3.4 sea surface temperature variability; 
the average δ18O value (–5.2‰) is higher during El Niño years than ENSO neutral years (–7.6‰). 
Therefore, regional convection associated with monsoons and ENSO has different impacts on δ18O, 
d-excess, and 17O-excess. 17O-excess and d-excess are anticorrelated and do not relate to the relative 
humidity in moisture source regions. Extremely low humidity and drought conditions in moisture source 
regions would be required to account for high 17O-excess. Processes during transport and precipitation 
likely modify these two parameters, especially 17O-excess, which no longer record humidity conditions 
of moisture source regions. Our findings will be useful for further modeling studies to identify physical 
processes during convection that alter d-excess and 17O-excess.
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correlation between isotopes and rainfall amount in tropical regions (Kurita et al., 2009; Lee et al., 2007; 
Risi, Bony, et al., 2010). These discrepancies reflect the complexities of atmospheric and climatic processes 
in tropical regions and our limited understanding of the controls of stable isotopes in tropical precipitation.

Deuterium excess, defined as d-excess  =  δ2H – 8*δ18O, is commonly considered a tracer of evaporation 
conditions of moisture source regions, in particular, relative humidity (RH) (Benetti et al., 2014; Merlivat & 
Jouzel, 1979). Jouzel et al. (1982) used d-excess in polar ice to explain past humidity changes in ocean source 
regions. Later, source region surface temperature was considered a dominant control (Stenni, 2001; Vimeux 
et al., 2001), and d-excess was used to trace the change in moisture sources (e.g., He, Goodkin, Jackisch, 
et al., 2018; Voss et al., 2018). Aemisegger et al. (2014) even used d-excess as a proxy for continental moisture 
recycling and plant transpiration. However, d-excess is very sensitive to both equilibrium and kinetic frac-
tionations during moisture transport and precipitation, and thus is not a conservative tracer (Schoenemann 
et al., 2014, and the references therein), making it impossible to infer climatic conditions at ocean source 
regions using d-excess alone.

A promising new tracer of the hydrological cycle is 17O-excess, which can be reliably calculated (17O-ex-
cess = ln(δ17O + 1) – 0.528 × ln(δ18O + 1)) by precisely measuring the third oxygen isotope 17O owing to re-
cent advances in analytical techniques (Barkan & Luz, 2005) and instruments (Steig et al., 2014). Laboratory 
experiments and theory show that 17O-excess in precipitation is primarily controlled by source vapor evap-
oration and is negatively correlated with RH (Angert et al., 2004; Barkan & Luz, 2007; Landais et al., 2008, 
2010; Risi et al., 2013). In contrast to d-excess, 17O-excess is independent of temperature and therefore could 
be a more reliable tracer of RH in moisture source regions.

Current studies of 17O-excess mostly focused on snow and ice cores in high-latitude regions (e.g., Landais 
et al., 2008; Landais, Ekaykin, et al., 2012; Landais, Steen-Larsen, et al., 2012; Miller, 2018; Pang et al., 2015; 
Schoenemann & Steig, 2016; Schoenemann et al., 2014; Winkler et al., 2012). Consistent 17O-excess of sur-
face snow along a transect between Terra Nova Bay and Dome C in Antarctica, despite large changes in tem-
perature with elevation, led Landais et al. (2008) to conclude that snow conserved the 17O-excess signature 
of moisture and thus to interpret a 20 per meg increase in Vostok ice core 17O-excess as a significant decrease 
(about 20%) in oceanic source region RH during the last deglaciation. However, such a large change in RH 
over the ocean is not realistic and contradicts modeling studies, and in addition, a part of the change can be 
attributed to the seasonal effect (Landais, Steen-Larsen, et al., 2012). Further, a large increase in 17O-excess 
during the last deglaciation has only been observed at Vostok and thus is a local phenomenon (Jouzel et al., 
2013; Winkler et al., 2012). More recent studies have shown that kinetic fractionation associated with super-
saturation under low-temperature conditions is the primary control of 17O-excess in Antarctic precipitation 
(e.g., Landais, Steen-Larsen, et al., 2012; Risi et al., 2013; Schoenemann et al., 2014). Pang et al. (2015) sug-
gests that supersaturation effects on 17O-excess vary spatially in Antarctica and cannot be simply explained 
by supersaturation nor solely by moisture source RH change.

Compared to high-latitude regions, studies on 17O-excess of precipitation in subtropical and tropical regions 
are sparse. Tian et al. (2018) showed that 17O-excess of rainfall and snowfall in the central United States 
recorded evaporation conditions at the moisture source. Uechi and Uemura (2019) examined triple oxygen 
isotopes of precipitation on a subtropical island and found that 17O-excess of precipitation also reflects the 
variation in the RH at the moisture source region. An investigation of African monsoon precipitation by 
Landais et al. (2010) is the only study on 17O-excess of tropical precipitation and the results implied that rain 
evaporation significantly affects 17O-excess of tropical precipitation. A GCM simulation (Risi et al., 2013) 
highlights that rain reevaporation and convection are the major processes impacting 17O-excess in the trop-
ics. In general, our knowledge about what controls 17O-excess in tropical precipitation is very poor. Before 
applying 17O-excess as a tracer of hydrological processes in tropical regions, more studies, especially obser-
vations, are needed to help us identify the factors or processes that control 17O-excess in precipitation and 
its spatial–temporal variations.

In this study, we collected monthly precipitation in Singapore between 2013 and 2019. We analyzed these 
samples for their stable isotope compositions and compared δ18O and two secondary parameters, d-excess 
and 17O-excess, with on-site meteorological parameters and normalized RH of ocean moisture source re-
gions. Our objectives are (1) to investigate what controls the temporal variation of δ18O and, in particular, 
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17O-excess in monthly precipitation and (2) to explore whether 17O-excess 
can be used as a tracer of ocean source region RH in tropical regions. 
Our study provides a unique data set from tropical regions to validate 
isotope-enabled GCMs, particularly those incorporating δ17O and 17O-ex-
cess, and contributes to advancing our knowledge of the key processes 
that drive precipitation isotopes in the tropics.

2.  Materials and Methods
2.1.  Rain Station

Our rain station was installed on the top of the building that hosts Earth 
Observatory of Singapore (EOS) and the Asian School of the Environ-
ment, Nanyang Technological University (NTU) (Figure 1). We used the 
PALMEX rain collector, which was designed and tested by the IAEA in 
collaboration with the University of Rijeka (Gröning et al., 2012). Month-
ly rainwater samples were stored in 60 ml high-density polyethylene bot-
tles and kept at 4°C prior to analysis.

2.2.  Regional Climate

Singapore is an island city-state in Southeast (SE) Asia, located just north of the equator and at the southern 
tip of the Malay Peninsula (Figure 1). It has a tropical climate with abundant rainfall and uniform high 
temperature and humidity all year round. The climate of Singapore and neighboring countries is strongly 
shaped by two alternating monsoons, the Southwest (SW) monsoon (between June and September) and the 
Northeast (NE) monsoon (between December and March). During the SW monsoon, the dominant wind 
directions are southwesterly and southeasterly (Figure  2(a)), with the major moisture sources from the 
Indian Ocean and the Java Sea. During the NE monsoon, the northerly to northeasterly winds are preva-
lent (Figure 2(c)) and moisture mainly originates in the South China Sea (SCS). During two intermonsoon 
periods (April–May and October–November), there is no dominant wind and thus moisture comes from all 
directions (Figures 2(b) and 2(d)).

A distinct feature of the NE monsoon is a cold surge driven by the Siberian high. The NE cold surge can 
bring several days of continuous and widespread rain to the region. On the other hand, the SW monsoon in 
Singapore is characterized by the frequent occurrence of early-morning organized bands of thunderstorms 
that extend for hundreds of kilometers, also known as Sumatra Squalls (He, Goodkin, Kurita, et al., 2018; Lo 
& Orton, 2016). There are no distinct dry and wet seasons in Singapore though higher rainfall occur during 
the two monsoons.

2.3.  Stable Isotope Measurement

A Picarro L2140-i water analyzer, a cavity ring-down spectrometer, was used to measure the stable isotope 
values (δ18O, δ17O, and δ2H) of precipitation samples. We followed the procedure developed by van Geldern 
and Barth (2012) for instrument setup, referencing techniques, and memory and drift correction. A longer 
analytical time than that typically for the analysis of δ18O and δ2H only is required to obtain precise δ17O and 
thus 17O-excess values (Uechi & Uemura, 2019). This can be achieved by multiple injections with a longer 
integration time per injection. In our laboratory, each sample was analyzed 3 times with 16 injections each 
time (i.e., more than 2 h of analytical time for each time and 48 injections in total for each sample). 17O-ex-
cess is defined by the following equation (Barkan & Luz, 2007):

17O-excess = ln(δ17O + 1) – 0.528 × ln(δ18O + 1) 

where 17O-excess is expressed in per meg (10–6).

Early studies reported δ17O and 17O-excess without normalization to SLAP due to the lack of a consensus 
δ17O value for SLAP, leading to discrepancies in measurement between laboratories (Barkan & Luz, 2007; 
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Figure 1.  Map of Singapore with the sampling site (★) at Nanyang 
Technological University (1.35°N, 103.68°E, altitude of 40 m above sea 
level).
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Landais et al., 2008; Luz & Barkan, 2010; Schoenemann et al., 2013). We use the value (–26.6968‰) proposed 
by Schoenemann et al. (2013) for SLAP δ17O and normalize our data to the VSMOW-SLAP scale. In-house 
standards (KONA and TIBET), which are well calibrated against international references VSMOW2 and 
SLAP2, were used to calibrate the raw data in our laboratory. They have δ18O, δ17O, and δ2H values ranging 
from 0‰ to –20‰, 0‰ to –10‰, and 0‰ to –144‰, respectively (Table S1). Long-term analysis of our qual-
ity assurance/quality control standard (OrgAu) yields a precision of 0.04‰ for δ18O, 0.2‰ for δ2H, 0.02‰ 
for δ17O, and 6 per meg for 17O-excess.

2.4.  Meteorological Data

We used a HOBO Data Logging Rain Gauge to record the on-site temperature (T), RH, and rainfall amount. 
The gauge, installed beside the rain station, is a battery-powered data collection system.

Monthly rainfall data between 1998 and 2019 were taken from merged satellite observations (TRMM/TMPA 
3B43), with a horizontal resolution of 0.25° × 0.25° (https://giovanni.gsfc.nasa.gov/giovanni/#service=T-
mAvMp&starttime=&endtime=&dataKeyword=TRMM_3B43). Monthly winds components, specific hu-
midity (for moisture flux calculation), and RH were taken from ECMWF ERA5 data sets, the most updat-
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Figure 2.  Regional moisture flux at 850 hPa (vector, in (g/kg)*(m/s)) and climatological precipitation (shaded, in mm/day) over 21 years between 1998 and 
2018: (a) June–September, (b) October–November, (c) December–February, and (d) April–May. “×” represents the sampling site.

https://giovanni.gsfc.nasa.gov/giovanni/
https://giovanni.gsfc.nasa.gov/giovanni/
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ed reanalysis products with a spatial resolution of 0.25°  ×  0.25° (www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5).

Monthly Climate Prediction Center (CPC) Oceanic Niño Index (ONI) was obtained from National Oceanic 
and Atmospheric Administration (NOAA) CPC National Weather Service (www.cpc.ncep.noaa.gov/data/
indices/sstoi.indices). ONI is based on sea surface temperature (SST) anomalies from the climatological SST 
in the Niño 3.4 regions. Outgoing longwave radiation (OLR) is used from the NOAA products (https://www.
ncdc.noaa.gov/cdr/atmospheric) with a horizontal resolution of 1° × 1°.

2.5.  Spectral Analysis of Stable Isotopic Signals

We applied spectral analysis to the stable isotope data to identify the frequency of significant periodic var-
iation in stable isotope signals of monthly rainwater over the study period. To further isolate and observe 
variability specific to significant frequencies (above 90% and 95%), a Gaussian filter using the Analyseries 
software (Paillard et al., 1996) was applied.

2.6.  Back Trajectory Analysis

Back trajectory analysis was used to delineate the moisture source regions. The air mass back trajectories 
were calculated using the Hybrid Single-particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein 
et al., 2015). All the trajectories were initiated daily at 6 h intervals at 850 hPa level and traced back for 96 h. 
We also applied cluster analysis to the trajectories arriving at our sampling site to examine the seasonal 
variability of air masses (He, Goodkin, Jackisch, et al., 2018).

3.  Results
3.1.  δ18O and Rainfall Amount

Monthly precipitation samples were collected between November 2013 and April 2019, and their isotope 
values, including d-excess and 17O-excess, with the corresponding on-site meteorological parameters are 
listed in Table S2. In general, δ18O shows large variation, ranging from –11.34‰ to –2.34‰. δ18O, along with 
rainfall, also exhibits a strong seasonal variability in the time series (Figure 3). Each year, precipitation has a 
lower δ18O value during the periods around the two monsoons (Figure S1(a)). Correspondingly, higher rain-
fall was observed during these periods (Figure S1(b)). The spectral analysis of δ18O also reveals significant 
periodicities at the 6-month bands (Figure 4).

NE monsoon rainfall increased over the last few years (Figure S1), suggesting an increase in convective 
activities. In the time series, variation in δ18O follows the general pattern of ONI (Figure 3(a)). δ18O tends to 
shift to higher values with an increase in ONI and to more negative values with a decrease in ONI.

In tropical and subtropical regions, δ18O of monthly or yearly precipitation was found to be significantly 
related to rainfall amount, that is, the amount effect (e.g., Dansgaard, 1964; Rozanski et al., 1993). Surpris-
ingly, only a weak negative correlation (r = –0.31 and p = 0.01) is observed between rainfall and δ18O in this 
study (Figure S1).

3.2.  d-Excess and 17O-Excess

d-Excess is relatively consistent averaging around 10‰ with only a few values below 5‰. Seasonal vari-
ability in d-excess is not as strong as δ18O, and spectral analysis of d-excess only identifies weak 6-month 
periodicity with 90% confidence (Figure 4(b)). Event precipitation samples at our site were found to show 
seasonal variability in d-excess, reflecting the alternating moisture sources from the SCS to the Indian 
Ocean and the Java Sea (see Figure 5 in He, Goodkin, Jackisch, et al., 2018). Likely, monthly precipitation 
has blurred the seasonal variability signal in d-excess to some extent because it averages daily precipitation 
over a month and thus the amplitude of variability in daily precipitation isotopes is significantly reduced. In 
general, samples from January to March have lower d-excess values compared to the other months in each 
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year (Table S2). February is the driest month with the lowest rainfall amount in Singapore (Figure S1), and 
January and March are also relatively drier compared to other months. During this period, the subcloud 
rain evaporation is likely higher, leading to higher δ18O but lower d-excess observed in the precipitation.

Compared to precipitation in high-latitude regions, our samples have a narrower range of 17O-excess from 2 to 
47 per meg, with the majority (>80%) between 10 and 30 per meg (Figure 5 and Table S2) except one sample 
collected in November 2018, which has an extremely high value of 80 per meg. Our samples have an average of 
21 ± 11 per meg, similar to the precipitation from subtropical regions, whose 17O-excess ranges from –5 to 54 
per meg, with an average of 22 ± 11 per meg (Li et al., 2015; Tian et al., 2018; Uechi & Uemura, 2019). In higher 
latitudes, especially polar region, 17O-excess of precipitation exhibits much larger variation, ranging from –35 
to 70 per meg (Figure 5) due to kinetic fractionation at very low temperatures (Landais, Ekaykin, et al., 2012; 
Landais, Steen-Larsen, et al., 2012). Unlike d-excess, 17O-excess in our samples shows strong periodic variabil-
ity; the spectral analysis reveals significant 3-month, 6-month, and 2.7-year periodicities (Figure 4).

3.3.  Correlation of δ18O, d-Excess, and 17O-Excess with On-Site T and RH

δ18O correlates to on-site RH but not to T, and d-excess weakly correlates to both T and RH (Figure S2). In 
contrast, 17O-excess does not correlate to on-site T and RH at all, nor to RH at different levels of the atmos-
phere above Singapore region (Figure S3). Various correlations exist among δ18O, d-excess, and 17O-excess. 
For example, no correlation is observed between δ18O and 17O-excess (r = 0.16 and p = 0.222), while a signif-
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Figure 3.  Times series of monthly precipitation δ18O (black), d-excess (blue), 17O-excess (purple), and rainfall (black 
bar) with on-site T (brown) and RH (green). ONI is also presented. Sample collected in November 2018 is not included 
in 17O-excess curve because its 17O-excess value of 80 per meg is much larger than the other samples. Dashed line 
represents 6-month running mean of δ18O. RH, relative humidity; ONI, Oceanic Niño Index.
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icant negative correlation exists between δ18O and d-excess (r = -0.35 and 
p = 0.006). There is an anticorrelation between d-excess and 17O-excess 
(r = –0.36 and p = 0.005; Figures S2 and S4), which increases to r = –0.80 
after excluding data of the months related to El Niño events, including 
2015, the first 6 months in 2016 and December 2018 to April 2019.

4.  Discussion
4.1.  Local Meteoric Water Line

4.1.1.  Local Meteoric Water Line for δ18O and δ2H

The least squares regression analysis of monthly precipitation δ18O 
and δ2H defines a local meteoric water line (LMWL) for the study area 
(Figure 6(a)):

δ2H = 7.4957 (±0.2021)δ18O + 7.7295 (±1.3366) (R2 = 0.9587)

Monthly weighted average δ18O and δ2H values produce a similar LMWL 
(see Supporting Information for the calculation of monthly weighted av-
erage δ values):

δ2H = 7.6933 (±0.4406)δ18O + 6.8818 (±2.3031) (R2 = 0.9723)

The LMWL defined by monthly δ18O and δ2H is similar to the LMWL 
defined by daily precipitation δ18O and δ2H (He, Goodkin, Kurita, 
et al., 2018). Both the slope and intercept of Singapore LMWL are shal-
lower than that of the global meteoric water line (GMWL) (Craig, 1961; 
Rozanski et al., 1993). This feature reflects the subcloud evaporation of 
raindrops, a very important process during tropical convection. Simula-
tion and observation indicate that the reevaporation of falling rain under 
the clouds is one of several processes that affect tropical precipitation 
δ values (e.g., He, Goodkin, Jackisch, et al., 2018; He, Goodkin, Kurita, 
et al., 2018; Risi et al., 2008).

4.1.2.  Local Meteoric Water Line for ln(δ17O + 1) and ln(δ18O + 1)

ln(δ17O + 1) and ln(δ18O + 1) of our samples define a LMWL with a slope 
of 0.5271 (Figure 6(b)):

ln(δ17O + 1)  =  0.5271 (±0.0006) ln(δ18O + 1)  +  0.0154 (±0.0043) 
(R2 = 0.9999)

We also plot the data of the modern precipitation reported in the previous 
studies up to date, including those from this study (Figure 6(c)), and ob-
tain a GMWL for ln(δ17O + 1) and ln(δ18O + 1):

ln(δ17O + 1) = 0.5279 (±0.0001) ln(δ18O + 1) + 0.0211 (±0.0011) (R2 = 1)

The slope of this GMWL agrees with that (0.528) of the GMWL proposed 
by Luz and Barkan (2010), although their result was based on a much 
smaller data set. The GMWL slope is about the same as the value (0.5275–
0.5279) calculated under equilibrium fractionation conditions over the 
temperature range of 0–30°C (Barkan & Luz, 2007). The slope (0.5271) 
of our LMWL is only slightly shallower than the GMWL, suggesting that 
LMWLs in the tropics likely reflect conditions close to equilibrium. Like 
the LMWLs for δ18O and δ2H, the slope of LMWLs for ln(δ17O + 1) and 
ln(δ18O + 1) also varies with geographic locations and gets higher with an 
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Figure 4.  Spectral analysis of time series of δ18O (a), d-excess (b), and 
17O-excess (c). Red solid line = 90% confidence, and red dashed line = 95% 
confidence.

Figure 5.  17O-excess versus δ18O of monthly precipitation in this study 
in comparison with meteoric water samples reported in previous studies. 
17O-excess of seawater (in big circle) from Luz and Barkan (2010) was also 
shown.
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increase in latitude. For example, the slope increases to 0.5296 in a sub-
tropical region (Uechi & Uemura, 2019) and further to 0.5299 in the polar 
regions (Landais, Ekaykin, et al., 2012). An even higher slope of 0.5310 
can be obtained from an Antarctic ice core (Miller, 2018). Different slopes 
imply different hydrological conditions in different regions.

As pointed out by Uechi and Uemura (2019), the value of slope chosen 
can significantly affect the 17O-excess calculation, especially in the po-
lar region. If 0.5271 is used, 17O-excess values of tropical and subtropical 
precipitation will be 1–10 per meg higher than the values obtained using 
0.528 but still within the analytical error. However, for the polar region, 
17O-excess values will be 26–47 per meg higher. If 0.5299 is used, 17O-ex-
cess values of tropical and subtropical regions will be 4–22 per meg lower, 
while 17O-excess values for the polar region will be 55–100 per meg lower. 
The high sensitivity of 17O-excess to the slope of meteoric water line in 
the polar region presents a real challenge to the interpretation of 17O-ex-
cess, as the factors impacting 17O-excess in high-latitude regions might 
be overstated (Miller, 2018; Uechi & Uemura, 2019). For the consistence 
of intercomparison, 17O-excess still needs to be calculated with a slope 
of 0.528.

4.2.  Controls of Monthly Precipitation δ18O

A weak correlation (r = –0.31, p = 0.014) between rainfall amount and 
δ18O implies that amount effect is not a dominant driver of monthly pre-
cipitation δ18O in our region. Datta et al. (1991) also noticed the lack of 
correlation between monthly isotope composition and rainfall in New 
Delhi. Aggarwal et  al.  (2004) found that precipitation isotopes are not 
correlated with the precipitation amount in regions impacted by the 
Asian monsoon. The amount effect, therefore, is not universal across 
tropical and subtropical regions.

Six-month seasonal variability in δ18O results from the two monsoons 
(the SW monsoon and the NE monsoon) and the movement of the Inter-
tropical Convergence Zone (ITCZ). The ITCZ passes the study area twice 
each year, and its timing matches the occurrences of the monsoons. The 
area is in the SW monsoon with the dominant southwesterly winds when 
the ITCZ moves from the south to the north, and in the NE monsoon with 
the dominant northeasterly winds when the ITCZ moves from the north 
to the south (Figure  2). δ18O gradually becomes more negative during 
the monsoons and moves back to higher values when monsoons retreat. 
Although the spectral analysis does not reveal the clear periodicity of El 

Niño–Southern Oscillation (ENSO), its impact on precipitation isotopes is obvious. On the time series, δ18O 
follows the variation of the ONI (Figure 3). When the ONI gets higher during an El Niño event, the average 
δ18O also shifts to a relatively higher value. For example, during the El Niño event between 2015 and 2016, 
the average δ18O value is –5.2‰ but during the following non-El Niño between 2016 and 2017, the average 
δ18O value is much lower (–7.6‰, Table S1). Thus, ENSO impacts precipitation δ18O on interannual time 
scale.

Monsoon and ENSO events drive δ18O by affecting the regionally organized convective activities in frequen-
cy and intensity (He, Goodkin, Jackisch, et al., 2018; He, Goodkin, Kurita, et al., 2018). Regionally organized 
convection can significantly lower δ18O values, while local convective activities have a limited impact on 
precipitation isotopes. The frequency and intensity of regionally organized convective activities increase 
with the monsoons, causing the negative excursions of δ18O. ENSO affects the monsoon driven convection 
in the region. During an El Niño event, warm water in the Western Pacific region moves eastward to the 
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Figure 6.  (a) Local meteoric water line from δ18O and δ2H, (b) local 
meteoric water from ln(δ18O + 1) and ln(δ17O + 1), and (c) global meteoric 
water line from ln(δ18O + 1) and ln(δ17O + 1).

(a)

(b)

(c)
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eastern/central tropical pacific region, suppressing Walker Circulation associated convection in the West-
ern Pacific and SE Asia. The La Niña event increases the strength of Walker Circulation and associated 
convection in the SE Asia. Precipitation δ18O, therefore, exhibits a strong correlation with regional convec-
tion as shown in the correlation map of δ18O with OLR (Figure 7(a)).

4.3.  17O-Excess, a Tracer of Moisture Source RH?

Both back trajectory analysis and reanalysis of moisture flux reveal the multiple moisture source regions for 
precipitation in our study area, including the SCS, the Indian Ocean, the Java Sea, and the Malacca Strait 
(Figures 2, 8, and S5; He, Goodkin, Jackisch, et al., 2018). Their relative contributions vary significantly 
between seasons, with the SCS being dominant during the NE monsoon. Therefore, it is easier to examine 
the correlation between 17O-excess and RH of the source region (e.g., SCS) during the NE monsoon. If 
17O-excess largely reflects the RH of the SCS during the NE monsoon, change in precipitation 17O-excess 
should follow the RH's variation. In addition, RH over the SCS would be significantly different during the 
2013–2014 NE monsoon than the NE monsoons in the other years. Therefore, a higher average 17O-excess 
value (Table S2) during 2013–2014 relative to other times would suggest low RH over the SCS. However, 
there was only a minor difference in RH over the SCS (Figure 9). By the same token, the extreme 17O-excess 
value of 80 per meg observed in November 2018 would suggest an anomalously low RH or drought condi-
tions in the source regions, contradicting the observations.

Furthermore, our statistical analysis shows no correlation between normalized RH of moisture source re-
gions and 17O-excess during the study period (Figure S6) and individual four seasons (Figure S7) even with-
out the sample from November 2018. For example, during NE monsoon seasons, the correlation coefficient 
r between normalized RH of moisture sources and 17O-excess is only 0.07 with p = 0.74.

The cause of the high 17O-excess value in the sample from November 2018 is an enigma, and further inves-
tigation is needed. One possible explanation is the contribution of stratospheric water with high 17O-excess 
(Lin et al., 2013; Pang et al., 2015). According to the Brewer–Dobson circulation, stratospheric air generally 
descends into the troposphere at midlatitudes and high latitudes (Lin et al., 2013). In the tropics, however, 

HE ET AL.

10.1029/2020JD033418

9 of 14

Figure 7.  Correlation map of monthly δ18O (a) and 17O-excess (b) with outgoing longwave radiation (OLR). δ18O shows a positive (inverse) correlation to OLR 
in SE Asia region (eastern Pacific), while 17O-excess shows an inverse (positive) correlation to OLR in SE Asian (eastern Pacific). “×” represents the sampling 
site, and maroon contours indicate 95%confidence level of the correlation. SE, southeast.
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deep convection can reach beyond 15 km, where water vapor exchange between the troposphere and the 
stratosphere could happen. Note that this extreme value only appeared once in our record. While we can 
replicate the value from multiple measurements (Table S2), we tend to exclude it in further discussions 
before we could completely rule out sample abnormality.

Theoretical calculation and observations (Benetti et  al.,  2014) show that d-excess of water vapor is also 
negatively correlated to RH in source regions similar to the relationship between RH and 17O-excess estab-
lished experimentally (Barkan & Luz, 2007). If both d-excess and 17O-excess in our samples largely record 
the RH of moisture source regions, we would expect that they are positively correlated. We however ob-

served an anticorrelation between d-excess and 17O-excess. Such a rela-
tionship implies that after source evaporation, transport, convection, and 
precipitation processes have modified these parameters and subsequent-
ly their correlations with the source region RH. d-Excess and especially 
17O-excess show no correlation with normalized RH in the source regions 
(Figure 10).

Landais et al. (2010) observed that both 17O-excess and d-excess in Af-
rican monsoon precipitation highly correlate to the low-level RH and 
thus proposed that RH is the key in controlling precipitation. Their 
simple reevaporation model well explains the correlation of 17O-ex-
cess and d-excess with RH. In our study, however, only d-excess shows 
a weak correlation with on-site RH and RH at different atmospheric 
levels, and 17O-excess does not correlate to the RH at all (Figures S2 
and S3). This likely implies that rain reevaporation might not be a 
dominant process that affects isotopes, in particular, 17O-excess in 
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Figure 8.  Cluster means of HYSPLIT's back trajectories during different seasons between 2013 and 2019: (a) June–
September (SW monsoon), (b) October–November (intermonsoon), (c) December–March (NE monsoon), and (d) April–
May (intermonsoon). HYSPLIT, Hybrid Single-particle Lagrangian Integrated Trajectory; SW, southwest; NE, northeast.

Figure 9.  Normalized RH at the surface (1,000 hPa) of the major moisture 
sources in the South China Sea (SCS), the Indian Ocean, and the Java 
Sea during the study period. Normalized RH was calculated according 
to the procedure described in Schoenemann et al. (2014) and Uechi and 
Uemura (2019). Shaded periods are NE monsoons. RH, relative humidity; 
NE, northeast.
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monthly precipitation. Risi et al. (2013) also investigated controls of the spatial–temporal distribution 
of d-excess and 17O-excess in precipitation using the LMDZ GCM. Although 17O-excess and d-excess 
are sensitive to the reevaporation parameter, they noticed that LMDX GCM cannot explain large sea-
sonal variability of 17O-excess observed in tropical regions, and thus processes rather than reevapora-
tion, which are not captured by LMDZ, may be at play. Dütsch et al. (US CLIVAR Water Isotopes and 
Climate Workshop in 2019) quantified climatic controls on d-excess and 17O-excess in Antarctica us-
ing iCAM5, an isotope-enabled atmosphere model. They decomposed the processes affecting d-excess 
and 17O-excess into source region evaporation, transportation, and cloud formation. Their simulation 
shows that transport and cloud formation have opposite effects on d-excess and 17O-excess, although 
they did not perform any further decomposition to investigate which specific processes exactly cause 
the opposite effects on these parameters. In addition, their study is limited in high latitudes. Previous 
GCM-based understanding of precipitation 17O-excess in the tropics cannot explain our observations, 
and hence, further modeling investigation is necessary to elucidate the anticorrelation between d-ex-
cess and 17O-excess.

Anticorrelation between 17O-excess and d-excess is also found to change with the variation in regional 
convection. During non-El Niño years, 17O-excess and d-excess are highly correlated with r = –0.80 and 
p < 0.001. Their anticorrection breaks down during El Niño years, when these two parameters are not cor-
related. Such behavior likely implies that the processes related to tropical convection affect 17O-excess and 
d-excess, and their influence on 17O-excess and d-excess varies with the intensity of regional convection in 
the area. During El Niño years, slowing atmospheric convection in SE Asia and the Western Pacific leads to 
a weakened monsoon in our study area. Correspondingly, the processes that affect 17O-excess and d-excess 
likely have less impact on these two parameters.
17O-excess shows strong periodicities at 3-month, 6-month, and 2.7-year 6-month periodicity indicates 
the impact of two alternating monsoons (the SW and NE monsoons). 2.7-Year periodicity can be relat-
ed to ENSO variability. During our study period, two El Niño events (2015–2016 and 2018–2019) and 
two weak La Niña events (2016–2017 and 2017–2018) (https://origin.cpc.ncep.noaa.gov/products/anal-
ysis_monitoring/ensostuff/ONI_v5.php) were observed. However, as ENSO has 2–8 years of periodicity, 
a longer record is needed to fully understand the impact of ENSO variability on precipitation 17O-excess. 
The 3-month periodicity likely represents intraseasonal oscillation in response to the Madden–Julian 
Oscillation (MJO). MJO is the dominant mode of intraseasonal variability in the tropics with a time scale 
of 30–90 days (Wheeler & Hendon, 2004; Zhang, 2005). In contrast, relatively weak periodic variations 
were observed in δ18O and especially d-excess. This suggests that 17O-excess can be used as a proxy for 
tropical climate variabilities, such as ENSO and monsoons, and thus, it can have significant implications 
for paleoclimate studies.
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Figure 10.  Correlation map of monthly δ18O (a), d-excess (b), and 17O-excess (c) with normalized RH in the moisture source regions in the SE Asia region. 
d-excess and 17O-excess show very low or low correlation with RH in source regions. “×” represents the sampling site, and maroon contours indicate 95% 
confidence level of the correlation. RH, relative humidity; SE, southeast.

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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5.  Conclusions
Tropical convection related to monsoons and ENSO is the dominant control of precipitation δ18O. A weak 
correlation (r = –0.31 and p = 0.014) between δ18O and rainfall suggests that the amount effect has minimal 
influence on monthly precipitation δ18O in our study area. δ18O exhibits strong seasonal variability in re-
sponse to the two monsoons and ITCZ movements in the SE Asia region; lower values are observed during 
the monsoons and high values appear during intermonsoon periods. Although the δ18O time series is not 
long enough to reveal a robust periodicity with ENSO, its impact on δ18O is noticeable. δ18O follows the ONI; 
the average value is much higher during El Niño years than during non-El Niño years.

Longer records are needed to understand the correlation between 17O-excess and ENSO, but our study re-
veals that 17O-excess might be a good proxy for tropical climate variabilities such as ENSO and monsoons. 
Our samples generally have a consistent d-excess value of about 10 without clear periodicities. Compared 
to high-latitude regions, the samples in this study have a narrow range of 17O-excess values, which mostly 
fall between 10 and 30 per meg, with an average of 21 ± 11 per meg, similar to that of precipitation in sub-
tropical regions. Unlike d-excess and δ18O, the spectral analysis of 17O-excess time series reveals significant 
3-month, 6-month, and 2.7-year periodicities likely in response to intraseasonal oscillations (i.e., MJO), 
monsoons, and ENSO, respectively.

These LMWLs defined by 18O and δ2H have slopes and intercepts shallower than that of GMWL, suggesting 
the influence of subcloud evaporation of raindrops in tropical precipitation. The LMWL defined by ln(δ17O 
+ 1) and ln(δ18O + 1) of our samples has a slope (0.5271) slightly shallower than that (0.5278) of the GMWL 
and much shallower than the LMWLs from midlatitude and high-latitude regions.

Further modeling studies are needed to explore which process(es) during convection can alter 17O-excess 
and d-excess and lead to the anticorrelation between these two parameters. Variations in both d-excess and 
17O-excess do not follow the RH in ocean moisture source regions. Extremely dry conditions in moisture 
source regions are required to explain those samples with high 17O-excess values. Furthermore, an anticor-
relation exists between 17O-excess and d-excess breaks down during El Niño periods. Therefore, tropical 
convection significantly affects 17O-excess and d-excess, particularly 17O-excess, which no longer record RH 
of moisture source regions.

Data Availability Statement
Monthly precipitation samples and their isotope values (including d-excess and 17O-excess), with the cor-
responding on-site meteorological parameters, are listed in Table S2. The data are also available at https://
figshare.com/s/6e9c464b1c6a25fb7b63. Other observational and reanalysis data sets are freely available 
from their respective sites as mentioned in the text.
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