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Abstract

The marine hydrological process is still unclear due to scarce observations. Based on stable water isotopes in
surface seawater along the 33rd Chinese National Antarctic Science Expedition from November 2016 to April
2017, this study explored the hydrological processes in the Pacific, Indian and Southern oceans. The results show
that the Northwest Pacific (0°–26°N) is a region with strong evaporation (the δ18O-δD slope is 6.58), while the
southern Indian Ocean is a region with strong precipitation (the δ18O-δD slope is 9.57). The influence of
continental runoff and water mass mixing reduces the correlation between δ18O and salinity in the eastern Indian
Ocean. The characteristics of the isotopes and hydrological parameters indicate that the Agulhas Front and sub-
Tropical Convergence do not merge in the Antarctic–Indian Ocean region. The freezing of sea ice near the
Antarctic continent decreases the δ18O and δD by 0.40‰ and 7.0‰, respectively, compared with those near 67°S.
This study is helpful for understanding marine hydrological processes and promoting the understanding and
research of the nature of ocean responses in the context of climate change.
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1  Introduction
Isotopic composition, expressed as δ18O and δD relative to the

Vienna Standard Mean Ocean Water (V-SMOW) of seawater, rep-
resents the ratio of light and heavy water molecules (Coplen,
1994; Masson-Delmotte et al., 2003). Hydrogen and oxygen iso-
topes, akin to salinity, are widely utilized in hydrology and con-
temporary oceanography for tracking hydrological processes
such as evaporation/precipitation, continental runoff, and sea ice
freeze-thaw (Kiran Kumar et al., 2018; Lao et al., 2023b; Lao
et al., 2022a; Reyes-Macaya et al., 2022; Frew et al., 1995; Khim
et al., 1997; Srivastava et al., 2007; Xu et al., 2012). However, com-
pared to traditional methods like the temperature-salinity rela-
tionship, satellite remote sensing and numerical simulation for
studying hydrological processes, water isotopes offer inherent
advantages and can serve as tracers for water (Lao et al., 2022b;
Lao et al., 2023a). Furthermore, isotopes find extensive applica-
tion in paleoclimate reconstruction, and the combination of δ18O
and δD can mitigate error of paleosalinity reconstruction (Sowers
and Bender, 1995; LeGrande and Schmidt, 2011).

Research indicates that while water isotopes and salinity lack
direct mechanistic connections, they exhibit an empirical rela-
tionship profoundly influenced by hydrological processes (Desh-
pande et al., 2013; Belem et al., 2019; Lao et al., 2023a). Number-
ous factors, including continental runoff, evaporation/precipita-
tion, water mass mixing and sea ice freezing/melting, can influ-

ence the δ18O-salinity relationship (Singh et al., 2010). During
evaporation and precipitation, salinity and δ18O exhibit propor-
tional changes, whereas hydrological processes like water mass
mixing and continental runoff may influence the δ18O-salinity
through salinity (Sengupta et al., 2013; Kiran Kumar et al., 2018;
Reyes-Macaya et al., 2022; Lao et al., 2023a). Consequently, the
integration of water isotopes and hydrological parameters can
delineate the linear relationship between local surface seawater
δ18O and salinity, thereby characterizing the hydrological and cli-
matic features of the region (Srivastava et al., 2007).

The isotopic values of water masses are influenced not only
by circulation but also by processes such as evaporation/precip-
itation and melting/freezing (Wu et al., 2021; Benetti et al., 2017;
Lao et al., 2022b; Reyes-Macaya et al., 2022). Studies have shown
that oceans from the tropics to the Antarctic continent exhibit
pronounced latitudinal zoning, with physical factors such as
evaporation/precipitation and melting/freezing having varying
effects (Rahul et al., 2018). Freshwater sources ( such as precipit-
ation and river transport ), evaporation processes, changes in
ocean currents, and vertical mixing of water masses contribute to
alterations in Pacific seawater salinity, oxygen isotopes and their
relationships (Conroy et al., 2014). The isotopic composition of
seawater also reflects the characteristics of surface seawater in
various frontal systems in the Southern Ocean and Indian Ocean
(Tiwari et al., 2013). The Southern Ocean, surrounding Antarc-  
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tica, possesses a unique marine dynamic environment and serves
as the source of the majority of the middle and bottom waters of
the world’s oceans (Archambeau et al., 1998). Additionally, the
Southern Ocean plays a pivotal role in climate change (Chen et al.,
2023). It is characterized by several narrow ocean fronts exhibit-
ing substantial variability in salinity, temperature, and nutrients
(Lutjeharms and Valentine, 1984; Belkin and Gordon, 1996). Re-
search has identified two prominate sea water fronts in the Indi-
an Ocean and Southern Ocean: the Agulhas Front and Sub-Trop-
ical Convergence (Rintoul and England, 2002). However, previ-
ous studies predominantly relied on temperature and salinity
data to delineate the existence of fronts. Alternatively, stable iso-
topes, salinity, and temperature can all serve as indicators of the
presence of an ocean front (Srivastava et al., 2007). Although hy-
drological processes in the Pacific, Indian and Southern oceans
have been studied, understanding of these processes in these
area remains incomplete due to data limitations (e.g., hydrogen &
oxygen isotope date bases, GISS & GNIP data bases) (LeGrande
and Schmidt, 2006; Srivastava et al., 2007; Kiran Kumar et al.,
2018).

This paper present a spatial analysis conducted on isotopic
and salinity data obtained from surface seawater collected dur-
ing the 33rd Chinese National Antarctic Science Expedition
(CHINARE) spanning from East China Sea to Pritz Bay, Antarc-
tica, conducted from November 2016 to April 2017.

2  Data and methods
The 33rd CHINARE commenced from Shanghai in Novem-

ber 2016, traversing the East China Sea, Pacific Ocean, Indone-
sian waters, Indian Ocean and Southern Ocean before reaching
Pritz Bay, Antarctica. It concluded in April 2017 upon its return to
Shanghai, during which seawater samples were collected en
route. The sampling points are delineated in Fig. 1. Samples were
collected using 250 mL high-density polyethylene (HDPE) nar-
row mouth bottles to minimize liquid evaporation. A total of fifty-
nine surface seawater samples were acquired throughout the ex-
pedition’s return journey. Each sample bottle was subsequently
sealed within an individual plastic bag and stored in a refrigerat-

or at a temperatures ranging from 3℃ to 5℃.
The isotopic composition of stable seawater was analyzed us-

ing wavelength scanning cavity ring-down spectroscopy (CRDS)
with a Picarro L1102 instrument at the Chinese Academy of Met-
eorological Science. The total accuracy of δ18O is better than
0.15‰, and δD is better than 0.5‰. The Picarro analyzer utilizes
a time-based, optical absorption spectrum of the target gas to de-
termine element concentrations. It has demonstrated reliability
in stable water isotope analysis and has been widely utilized
(Tian et al., 2018; Skrzypek and Ford, 2014).

Owing to the influence of hydrological processes such as wa-
ter mass mixing and ocean circulation, the composition of iso-
topes in the local ocean undergoes rapid changes (Ren and
Wang, 2000). To delineate the spatial distribution of stable sur-
face seawater isotopes and salinity more comprehensively, we
utilized data from the return journey for clustering and em-
ployed a clustering model for quantitative analysis. The relation-
ship between δ18O and δD can be expressed as follow:

δD = S× δO+ d, (1)

where S represents the coefficient, while d denotes a constant
term. S and d are expected to exhibit similarity in areas with the
same humidity source. Researchers have identified a robust lin-
ear relationship between S and d in their investigation of stable
seawater isotopes (Kang et al., 2009):

d = aS+ k, (2)

a k
r

r d = aS+ k

where a represents the coefficient, while k signifies a constant
term. In this equation, the disparity between  and  signifies dif-
ferences in water sources. In mathematics,  (correlation index)
serves as an indicator of the reliability of estimation in a unary
polynomial regression equation. Consequently, we computed the

 of  for sampling points along the journey line.

r = −

n∑
i=

(di − d̂i)


n∑
i=

(di − d̄)


. (3)

ra
rb

ra rb r

ra + rb

The correlation indices of (S1, d1), (S2, d2), (S3, d3), ···, (Sn, dn)
are denoted as , while the correlation index of the remaining
arrays is denoted as . The optimal breakpoints of clustering are
determined using  and . A higher  value indicates a better
fitting effect of the model. Therefore, when the  reaches its
maximum value, it indicates the optimal breakpoint. One-way
analysis of variance was employed to test the statistical differ-
ence between groups at a significant level of 0.05 (Li et al., 2022).

3  Results

3.1  Spatial distribution of δ18O, δD and salinity
Through the aforementioned analysis, five clusters were iden-

tified and depicted in Fig. 2. Cluster 1 is situated near the Antarc-
tic continent, spanning latitudes between 59°S and 70°S. Within
this range, both sea surface temperature (SST) and δ exhibit a
gradual decrease with latitude, while salinity remains relatively
constant. The decline in δ18O and δD in precipitation is attrib-
uted to sea ice and glacial melt water as latitude increases (Tiwari
et al., 2013). However, the excess deuterium (d) value in this re-
gion suggests minimal variations in evaporation, resulting in
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Fig. 1.     Isotope sampling sites in surface seawater of the 33rd
CHINARE.
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slight changes in salinity. Near Antarctica, the freezing and melt-
ing processes of sea ice cause significant fluctuations in stable
surface seawater isotopes. Cluster 2 is positioned in the Indian
Ocean region of the Southern Ocean, where δ18O, δD and salinity
increase with latitude. This pattern is consistent with similar latit-
udinal trends observed in the Pacific and Atlantic regions (Le-
Grande and Schmidt, 2006). Cluster 3 is situated on the southern
side of the Indian Ocean and the southwestern side of Australia,
spanning latitudes between 28°S and 35°S. Due to the narrow lat-
itude span, SST and salinity exhibit minimal variation in Cluster
3. This area is characterized by high SST and salinity, serving as
an enrichment area of δ18O and δD. Cluster 4 is located in In-
donesian waters and the western side of Australia, with latitudes
between 2°N and 26°S. Cluster 4 experiences high SST, leading to
δ18O, δD and salinity predominantly influenced by evaporation
and precipitation. Cluster 5 predominantly resides in the Pacific
Ocean, spanning latitudes between 3°N and 20°N, primarily af-
fected by the North Equatorial Current.

The δ18O values of surface seawater range from −1.39‰ to
1.49‰, and decreases noticeably with latitude (Fig. 3). Enriched
values are observed in middle and low latitudes, while depleted
values are found in high latitudes. Near 30°N, both δ18O and δD
exhibit abnormally low values of −1.39‰ and −5.3‰, respect-
ively, due to the influence of freshwater flushing near the

Changjiang River. Between 20°N and 10°N, δ18O and δD values
decrease continuously, accompanied by a decrease in salinity by
0.53 following the δ18O pattern, indicative of increased precipita-
tion. From 10°N to 5°N, δ18O, δD and salinity values increased by
1.02‰, 7.9‰ and 0.05, respectively, reflecting the evaporation ef-
fect in this region (Srivastava et al., 2007). At 3.6°S, a low salinity
and low oxygen zone emerges, influenced by the Inter Tropical
Convergence Zone as a rainfall area. From 5°S to 30°S, salinity
continues to increase alongside δ18O and δD, albeit with some
minor fluctuations. South of 30°S, δ18O enrichment is observed in
seawater with high salinity, indicative of a high evaporation area
(Rahul et al., 2018). From 32.3°S to 62°S, both δ18O and δD contin-
ue to decline due to the gradual change of ocean surface environ-
ment from warm to cold. Notably, a transition zone exsits
between the Agulhas Front and the Sub-Tropical Convergence
near 42°−44°S, leading to significant changes in isotopic compos-
ition and SST in the region (Srivastava et al., 2007), which will be
discussed in detail in Discussion Section. From 65°S to 67.8°S, sa-
linity decreased by 0.20, while δ18O and δD increased by 0.74‰
and 3.7‰, respectively, due to the melting of sea ice. South of
67.8°S, both δ18O and δD decrease to −0.91‰ and −6.9‰, re-
spectively, and salinity increases to 33.43, reflecting the phe-
nomenon of sea ice freezing in this region. Salinity of ocean wa-
ter is much higher than that of sea ice. The melting of sea ice re-
duces the salinity of surface water, whereas salt rejection occurs
during sea ice freezing, thereby increasing the salinity of surface
water (Rohling, 2013). Additionally, molecular fractionation oc-
curs during the freezing and melting of sea ice, which heavier
molecules (18O and 2H) being preferentially incorporated into the
sea ice (Brennan et al., 2013).

3.2  δD and δ18O relationship
The observational results demonstrate a robust correlation

between δD and δ18O in the surface waters spanning from the Pa-
cific Ocean to the Southern Ocean (r = 0.89, P < 0.001), with a
slope of δD-δ18O is 7.67, closely resembling the global average
δD-δ18O slope of 7.4 (Rohling, 2007). Additionally, through clus-
tering analysis, we observed a significantly correlation between
δD and δ18O in the surface seawater across different sea areas
(Fig. 4). Cluster 5 exhibits the lowest slope of 6.58, indicating ex-
tremely strong evaporation in this region. Given the subsolar
point’s proximity to the northern equator in April, evaporation
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Fig. 2.   Three-dimensional plot showing δ18O, salinity, latitude.
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Fig. 3.   Spatial variations of δ18O, δD, excess deuterium (d), salin-
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intensifies within Cluster 5. Cluster 1 and Cluster 2 exhibits
slopes of δD and δ18O at 7.65 and 7.26, respectively, closely re-
sembling the global average seawater slope of 7.4 (Rohling, 2007).
The slope of Cluster 2 remains lower than the global average δD-
δ18O slope, suggesting continued influence by evaporation in this
region. The slope of Cluster 1 is marginally higher than the glob-
al average seawater slope. With the slope of 7.92, Cluster 4 sur-
passes the global average seawater slope, indicating precipita-
tion dominance in this region. Furthermore, this is corroborated
by the slope of the global rainfall line (8.0), closely resembling the
slope of global rainfall (Chen et al., 2021; Lao et al., 2022b).
Cluster 3 exhibits the highest slope of δD and δ18O at 9.57 in the
southern Indian Ocean indicating strong precipitation influence.
The region is influenced by westerly winds and experiences high-
er precipitation, resulting in a generally higher slope. This sug-
gests that a significant role of local precipitation and evaporation
in the δD-δ18O relationship.

4  Discussion
Factor such as evaporation/precipitation, freezing/melting of

sea ice, advection and diffusion of water masses impact the stable
seawater isotopic composition (Lao et al., 2023b, 2022a, 2022b).
Figure 5 illustrates a stable positive correlation between δ18O-sa-
linity and δD-salinity along the entire route, with slopes of
0.437‰ per practical salinity unit for δ18O (n = 54, P < 0.001) and
3.213‰ per practical salinity unit for δD (n = 54, P < 0.001). Giv-
en that precipitation and evaporation influence salinity and δ
concurrently, the linear correlation between salinity and δ18O (or
δD) (Fig. 5) implies that stable isotopes in surface seawater are
predominantly influenced by evaporation and precipitation. In
order to further study the specific isotopic variability across dif-
ferent sea areas, the relationship between salinity and δ18O in dis-
tinct seas was delineated through data clustering (Fig. 6). Cluster
2 exhibits a substantial slope of 3.07 ‰ per practical salinity unit
(r2 = 0.41, P < 0.10), suggesting that additional hydrological pro-
cesses besides evaporation/precipitation important to δ18O and
salinity values in this region. Cluster 4 exhibits a slope of 0.41‰
per practical salinity unit (r2 = 0.71, P < 0.01), suggesting these re-
gions may primarily be influenced by precipitation/evaporation.
The slopes of Cluster 1, Cluster 3 and Cluster 5 were −0.14‰ per
practical salinity unit, −0.38‰ per practical salinity unit and
−0.06‰ per practical salinity unit, respectively, however, the ef-
fect was not statistically significant (r2 < 0.1, P > 0.1). Cluster 1 is
situated near the Antarctic continent, where the salinity of the

surface water influenced by sea ice , remains relatively stable.
Cluster 3 is situated in the Indian Ocean region, affected by the
Indian Ocean tropical front, the Indian-Pacific warm pool, and
the Indian and Pacific monsoon and the Australian mainland
also have a notable impact on the salinity of the Indian Ocean
(Ummenhofer et al., 2021). The insignificance of cluster 5 may be
attributed to the sampling sites near 10°N, which are in proxim-
ity to Southeast Asia, where surface runoff carries a substantial
amount freshwater (Yu and McCreary, 2004).

Evaporation, freshwater input from the Changjiang River and
water mass mixing processes are notable in the Northwest Pa-
cific (10°S–32°N). The influx of water from the Changjiang River
near 30°N leads to decrease in δ18O and δD in surface seawater
near the continent (Figs 1 and 3). The Pacific region near 10°N ex-
periences significant evaporation, resulting in high value of δ18O
and salinity (Figs 3 and 4). In the vicinity of Southeast Asia, the
Pacific Ocean experiences not only freshwater input but also the
mixing of various water masses. Previous studies have also con-
firmed the presence of water mass mixing in the Northwest Pa-
cific (Kiran Kumar et al., 2018; Chen et al., 2021).

The mixing process of water masses, sea ice and freeing/melt-
ing of continental ice shelves are noteworthy in the Indian Ocean
region (north of 60°S) and the Southern Ocean (south of 60°S).
Figure 7b illustrates the position and SST of the water mass front.
The Agulhas Front observed in this study is positioned between
37°S and 41°S , as determined by the SST range of the front
(15.7–21℃) (Srivastava et al., 2007). Likewise, the pronounced
decrease in δ18O, δD, SST and salinity also corroborates the exist-
ence of the Agulhas Front at this position (Fig. 3). Lutjeharms
demonstrated that the Agulhas Front was situated between
39°09′S and 40°01′S, with an intermediate position at 39°37′S
(Lutjeharms and Valentine, 1984). While the position of the Agul-
has Front we observed closely aligns with that observed by Lutje-
harm, it is slightly displaced northward. The Sub-Tropical Con-
vergence intersecting the southern edge of the Agulhas Front ex-
hibited the SST drop of 4.2℃. The decrease in SST we observed
may be attributed to the lack of a combined state between the
Agulhas Front and Sub-Tropical Convergence, as their combina-
tion typically results in an increase in average SST. This phe-
nomenon difference with the observation of the merging of the
Agulhas Front and Sub-Tropical Convergence in the Southern
Ocean of southern Africa (Lutjeharms and Valentine, 1984).
Between 45°S and 48°S, there is a δ18O variation of 0.62‰, indic-
ating the presence of Sub-Antarctic Front, which corresponds to
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Fig. 5.   The quantitative relationship between δ18O, δD and salinity.
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the most notable drop in SST in this region (Figs 3 and 7b). The
Antarctic Polar Front is located at 52°–62°S with the SST range of
4.0–1.8℃. Figure 7a illustrates significant variability in the salin-
ity of surface seawater near the Antarctic continent, suggesting
the influence of sea ice freezing/melting, in conjunction with the
isotopic changes discussed in Section 3.1. The SST fluctuates
around 0℃ due to the heat absorption and release from melting
and freezing sea ice. In summary, our findings indicate that in the
Indian Ocean and the Southern Ocean, the Agulhas Front exists
independently and does not merge with the Sub-Tropical Con-
vergence. Additionally, the Agulhas Front exhibits a slight north-
ward shifted.

5  Conclusions
In this study, we conducted new measurements of hydrogen

and oxygen stable isotopes in surface seawater along the route of
the 33rd CHINARE, thereby expanding the global surface seawa-
ter isotope dataset. By analyzing isotope composition, the rela-
tionship between δ18O and δD, the relationship between δ18O and
salinity, and SST using this new dataset, we aimed to track hydro-
logical processes and assess the impacts of water mass fronts.

This study revealed that the stable isotopic composition of
surface seawater has obvious latitudinal distribution character-
istics and that δ18O and δD decrease with increasing latitude. Due
to the effects of evaporation/precipitation, there is a strong cor-
relation between δ18O and δD in different sea areas. The area
north of the equator is affected by strong evaporation, and the
slope of δ18O-δD is 6.58, which is significantly lower than the
global average seawater slope. Strong precipitation causes the
δ18O-δD slope to reach 9.57 in the southern Indian Ocean. The
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Fig. 6.   The relationship between salinity and δ18O in different sea areas.
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δ18O, δD, SST and salinity indicate that the Agulhas Front is loc-
ated at 35°–41°S and that the Agulhas Front and Sub-Tropical
Convergence do not merge in the Indian Ocean region of the
Southern Ocean. The existence of water mass fronts has a great
influence on the δ18O-salinity relationship in this area. The freez-
ing of sea ice near the Antarctic continent has led to a significant
increase in surface seawater salinity and a decrease in δ18O and
δD.

This study can help us understand the spatial variation in
stable seawater isotopes along the route from the Pacific to
Southern Ocean, establish stable δ18O-δD relationships, and fur-
ther understand the hydrological processes in the Pacific Ocean,
Indian Ocean, and Southern Ocean. Due to the different sampl-
ing seasons, isotope variation may also show differences. Howe-
ver, to further study the spatial differences in stable surface sea-
water isotopes at different times, a longer sampling time is
needed, which is the direction of our subsequent research.
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Fig. 7.   The change of temperature field. a. The relationship between SST and salinity, b. the relationship between surface sea temper-
ature and latitude. AF: Agulhas Front; STC: Sub-Tropical Convergence; SAF: Sub-Antarctic Front; APF: Antarctic Polar Front.
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