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Abstract. Data of seawater stable isotopologs in the quality-
controlled database from the isotopic platform facility at LO-
CEAN (hereafter “CISE-LOCEAN”) provide an unprece-
dented sampling of the surface Atlantic Ocean and the south-
west Indian Ocean. This investigation of § 180, §2H and deu-
terium excess (d-excess) in surface sea water for 20 sub-
regions indicates a large variability of the regional regres-
sion lines with salinity for 8'30 and 82H. Weakest slopes are
found near the equator, and increase towards higher latitudes,
but also to a lesser extent in the western Atlantic compared
with the eastern Atlantic in the tropics and subtropics. These
regressions often explain a large share of the variability in
the data (40 % to 70 %), except for d-excess at high latitudes
and 8'80, 8?H near the equator. The data are sufficient to
extract a rather small seasonal variability in these relation-
ships and an average seasonal cycle in some regions of the
North Atlantic subpolar gyre, with signals probably related
to changes in the input of sea ice melt and depleted water
of Arctic origin. A significant correlation between observed
seasonal cycles in 8180, §2H, and d-excess and that of salin-
ity is found in the central equatorial Atlantic. These seasonal
cycles change between the vicinity of the equator and the re-
gion to its north, which is associated with the seasonal shift
of the Inter-tropical Convergence Zone and with the season-
ality of the equatorial upwelling. Elsewhere, the seasonal sig-
nal usually does not emerge from the noise. An independent
over 7-years long time series of nearly monthly surface sam-
pling at the BATS site near Bermuda (31°50' N, 64°10' W)
also indicates a rather well-defined seasonal cycle of surface
salinity, 6180, 82H and d-excess. Its interannual variability
in 8'80 does not appear closely related to the one in salinity.

1 Introduction

Seawater isotopic composition (30 /10 and *H/'H ra-
tios expressed as 8'80 and §>H in %o (per mille) in the VS-
MOW/SLAP scale) is classified as an Essential Ocean/Cli-
mate Variable (EOV/ECV) in international programs such as
GEOTRACES and GO-SHIP, respectively aiming to improve
the understanding of biogeochemical cycles, and to develop a
globally coordinated network of sustained hydrographic sec-
tions as part of the global ocean/climate observing system.
Except for fractionation during phase changes, thus mostly
at the sea surface, and meteoric inputs from the atmosphere
and the land masses, the water isotopic composition is nearly
conservative in the ocean, with chemical and biological pro-
cesses having minimal effect.

Stable seawater isotopes are used, in addition to salin-
ity, to trace sources of freshwater (precipitation, evaporation,
runoff, melting glaciers, sea ice formation and melting), as
well as to characterize water masses, both at the ocean sur-
face and in the ocean interior (Schmidt et al., 2007; Hilaire-
Marcel et al., 2021). More regionally, in addition to salin-
ity, they are used to characterize water masses and their mix-
ing pathway into the ocean (Frew et al., 2000; Voelker et al,
2015). At the sea surface, isotopic properties of the evapora-
tion (Benetti et al., 2014) and of regional precipitation can be
used to better characterize air-sea freshwater fluxes from the
surface distribution of water isotopes (Benetti et al., 2017a;
Benway and Mix, 2004; Conroy et al., 2014).

There has been considerable interest in monitoring the wa-
ter isotopes of sea water both at high and low latitudes. In
the high latitude oceans, the formation or melt of sea ice,
freshwater inputs from high-latitude rivers, and continental
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ice melt from marine terminating glaciers and icebergs leave
strong imprints on the surface ocean isotopic composition,
and for the Southern Ocean in the top 800 m water column
close to ice shelves (Aoki et al., 2023; Hennig et al., 2024).
These processes, as well as changes in ocean circulation vary
on seasonal time scales, as well as on longer time scales
up to interdecadal, which can influence the relationship be-
tween salinity and the water isotopes. At low latitudes, the
surface water masses get their isotopic characteristics from
ocean circulation, with in particular upwelling of water orig-
inating from subtropical evaporation-dominated regions, as
well as from local evaporation, rainfall (Benway and Mix,
2004), and from the freshwater inflow of large tropical rivers,
such as the Amazon River in the Atlantic Ocean (Benetti et
al., 2017a). The low latitude Pacific Ocean also presents a
large variability in these processes which shape the relation-
ship between salinity and water isotopes, in particular on sea-
sonal and interannual (such as El Nifio—Southern Oscillation
— ENSO) to decadal modes of variability in the southwest
equatorial Pacific (Horikawa et al., 2023), the central equato-
rial Pacific (Conroy et al., 2017), and the South Pacific Con-
vergence Zone (Dassié et al., 2018). Even rainfall isotopic
values might change interannually, depending on the origin
of the rain water, such as illustrated in the central-western
Pacific in Conroy et al. (2014) or in the eastern Pacific north
of the equator in Benway and Mix (2004).

These isotopic signatures in ocean water are archived in
past climate records, for example, in the § 180 of carbon-
ates from warm water corals, giant clams or planktonic
foraminifera (Mulitza et al., 2003; Abram et al., 2020; Dis-
sard et al., 2021; Dong et al.,, 2025), or in the 82H of
lipids (Schefuf} et al., 2005; Schouten et al., 2006; Leduc
et al., 2013). They are acquired from the seawater iso-
topic properties at the time when these organisms grow, fol-
lowing temperature-dependent fractionation laws. Measure-
ments of seawater isotopes in the upper ocean is strongly rec-
ommended, often at the seasonal resolution, to understand
these archives, as well as to gain a better understanding on
how temperature and water isotopic properties influence the
archived records, such as investigated in the recent past by
Thompson et al. (2022). These archives together with model
studies have the potential to help reconstruct changes in the
past hydrological cycle (Konecky et al., 2023). Thus, dedi-
cated efforts should ideally combine collection of living (or
recent) organisms nearly simultaneous to the seawater sam-
ples, surface salinity and sea surface temperature, which has
been done for example at low latitudes within the framework
of paleoclimatic research programs (e.g., PAGES CoralHy-
dro2k working group; Konecky et al., 2020; Atwood et al.,
2025, 2026, or locally by O’Connor et al., 2021) or to cali-
brate planktonic foraminifera §'80 signals (e.g., Wilke et al.,
2009; Rebotim et al., 2019; Salgueiro et al., 2020).

Evaporation causes both an increase in the heavier iso-
topes and the concentration of salt in seawater, whereas
freshwater inputs which lower salinity tend to be depleted

Ocean Sci., 22, 3225-3243, 2026

G. Reverdin et al.: Seasonal cycle in surface seawater isotopic composition

in the heavier isotopes. Thus, putting aside the impact of
ice formation and melt at high latitudes, one expects quasi-
linear relationships between ocean surface salinity S (practi-
cal salinity with no unit, which scale we will refer to as pss)
and water isotope properties (8180, 82H, but also the derived
d-excess defined as §2H-8 x §180, together later referred to
as Wisotopes) (Craig and Gordon, 1965). Regional relation-
ships between §'30 and S have been used by LeGrande and
Schmidt (2006) to produce an average climatology of water
isotopes in the surface ocean, as well as through the water
column. This climatology has then been used to benchmark
isotope-enabled models (e.g., Delaygue et al., 2000; Roche
and Caley, 2013).

Regional relationships between water isotope properties
and salinity are further used in Reverdin et al. (2025) to iden-
tify systematic biases between different data sets collected
in the same years, but not necessarily in the same season.
That study, as well as Glaubke et al. (2024) also show how
the relationships between salinity and 8180, §2H, or d-excess
spatially vary across the southern subtropical Indian Ocean,
an indication of the need to refine the concept to smaller re-
gions. Similar spatial variability was also suggested across
the North Atlantic subtropics in Benetti et al. (2017a).

At high latitudes, Wisotopes sampling primarily occurs
during the summer, while at low latitudes, sampling is more
spread out throughout the year, but remains quite scarce. As
a result, there are relatively few low latitude regions with
enough data to accurately estimate seasonal variability (At-
wood et al., 2026), which reduces the capability of current
datasets to benchmark models or calibrate archived climate
records. Potential remaining biases in data and possible in-
terannual/decadal variability can also result in apparent vari-
ability in the relationships between Wisotopes and salinity.
Thus, it can be difficult to interpret differences in the relation-
ships between Wisotopes and salinity in relatively nearby re-
gions which may not have been sampled in the same season,
such as the western and eastern North Atlantic subtropics in
Benetti et al. (2017a).

Fortunately, there have been some concerted attempts to
resolve surface Wisotopes seasonal variability, away from
coastal areas. This has been the case, for example, in the
surface North Atlantic subpolar gyre (NASPG) between Ice-
land and North America (Reverdin et al., 2018), in particu-
lar between 2010 and 2018, and since 2018 between south-
eastern Greenland and the North Sea. An early subset of
these NASPG data was used in Benetti et al. (2014) to iden-
tify seasonal variability of the relationship between Wiso-
topes and salinity. These authors found seasonal changes
on the Labrador and Newfoundland shelves and close to
them in the western NASPG, that were attributed to the
cycle of sea ice formation in winter and sea ice melt in
spring, usually upstream of the site of data collection. In
the North Atlantic subtropics at the Bermuda Atlantic Time-
series Study (BATS) site (31°50'N 64°10' W) to regularly
sample surface-water isotopes since 2011.
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In the present study, we investigate the seasonal cycle in
surface Wisotopes, and their relation to salinity, across a
large part of the Atlantic Ocean and in the south-west In-
dian Ocean, based on water samples mostly measured in the
LOCEAN stable isotope laboratory.

2 Data and methods
2.1 Data

We primarily use the CISE-LOCEAN database (Reverdin et
al., 2022), which originates from samples exclusively ana-
lyzed in the isotopic laboratory of LOCEAN (Sorbonne Uni-
versités, Paris) since 1999 or in rarer instances by LOCEAN
personnel elsewhere. Associated salinity data usually orig-
inate from calibrated CTD casts or from discrete samples
measured on a salinometer.

Stable seawater isotope data have been produced in
the last fifty years by a variety of methods. For exam-
ple, most data compiled in the “GISS Global Seawater
Oxygen-18 Database — V1.21” for stable seawater iso-
topes (LeGrande and Schmidt, 2006) originate from Isotope-
ratio Mass Spectrometry (IRMS). They were mostly mea-
sured by dual-inlet technology (highest precision), whereas,
since 2000, the continuous-flow method (lower precision)
also became widespread for seawater isotope analysis.
Since 2010, laser spectroscopy, in particular cavity ring-
down spectroscopy (CRDS), turned into another commonly
used method as it allows parallel measurement of §'30
and 6%H, but with often lower precision, at least early on
(e.g., Voelker et al., 2015). As CRDS (and other laser tech-
niques) have been commonly used for seawater isotope anal-
ysis since 2010, they contribute a significant part of the data
produced globally (see for example, the CoralHydro2k sea-
water data base with a focus on the tropics (35°N-35°5);
Atwood et al., 2026).

The CISE-LOCEAN dataset merges data measured since
roughly 1998 by IRMS switching to CRDS-based instrumen-
tation since 2011. However, there are potential differences
between the data produced by the two methods, discussed in
Reverdin et al. (2022) in the context of the CISE-LOCEAN
database. In this database, among the CRDS measurements,
part of the samples collected in 2010-2015 were first dis-
tilled, whereas more recent samples are directly introduced
in the vaporizer associated with a Picarro CRDS (usually,
L2130 model), through a salt-liner. Each sample was injected
at least 6 times, and up to 10 times, and we dismiss most of
the early injections when averaging them. For CRDS mea-
surements, there are also issues of memory effects due to
the propensity of water molecules to stick to the surfaces,
and more so for 'H?H!'®O than for the other isotopologs of
the water molecule (cf. Fig. 4 of Steen-Larsen and Zannoni,
2024). In this version of the database, these memory effects
have been roughly corrected based on regularly inserting a
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reference material (every three samples) with isotopic com-
position close to those of the seawater samples, as well as by
running duplicates of all samples at the beginning and end
of each daily run, as well as of samples with large standard
deviations between the different injections averaged.

Furthermore, an attempt was made to adjust the data from
these three measurement methods (IRMS, CRDS with or
without distillation), based on the analysis of Benetti et
al. (2017b). Uncertainties are largest in the earlier IRMS
measurements, because of uncertainties on the reference ma-
terial used at the time. As described in Reverdin et al. (2022),
this was partially corrected based on deep water samples
measured at the time, for which we expect little variabil-
ity over the last 30 years. However, there remains subsets
of 180 data produced by IRMS which could not be fully as-
sessed. This is for example the case for surface samples col-
lected in the equatorial Atlantic in August—September 1998
and 1999. Compared with more recent data, they present a
negative §'80 offset on the order of —0.15 %e. This is proba-
bly largely related to a calibration issue, but potentially also
to interannual variability or trends. Nonetheless, the slope of
the regression of §'80 with respect to salinity of these 1998—
1999 data is consistent with the slope for the more recent
data, thus suggesting similar processes involved in the spa-
tial property distribution in this earlier period. As there are
no measurements in other seasons for these years and region,
we have excluded those 1998—1999 data when analyzing the
summer season in the equatorial Atlantic.

In the CISE-LOCEAN database, there is also an attempt to
identify and flag potential issues of evaporation of the sam-
ples, happening mostly because of long storage in bottles
which exchanged with the outside air, or defective bottles or
caps (Reverdin et al., 2022). Although these issues are less
common in the last 10 years of collected data, anomalies still
sometimes happen, in particular with samples extracted from
water bottles for salinity measurements collected on Volun-
tary Observing Ships — VOS) (Alory et al., 2015).

The validation steps, as well as the large percentage of
surface data points mostly in the open ocean in the CISE-
LOCEAN database (close to 9000 validated §'80 near-
surface data associated with a valid salinity since 1998)
represent significant differences with respect to other pub-
lished data compilations such as the “GISS Global Sea-
water Oxygen-18 Database — V1.21” for seawater stable
isotopes which does not include the CISE-LOCEAN data
(LeGrande and Schmidt, 2006; referred to as GISS-V1.21),
or the CoralHydro2k seawater database, which includes an
earlier version of the CISE-LOCEAN data (Atwood et al.,
2026). GISS-V1.21 is a compilation of different individual
data sets covering several decades originating mostly from
ocean cruises and measured by IRMS, for which there was
an attempt to correct systematic biases between data subsets,
but that includes fewer surface data points. The CoralHy-
dro2k data base does not offer systematic correction of po-
tential biases between different datasets, but it contains sig-
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Figure 1. Maps of Wisotopes data distribution with the contours of the different regional boxes outlined with their reference number. The
color of the outlines corresponds to region A (boxes 1-3, yellow), region B (red), and region C (green) (black boxes are not included in those
regions). Left panel for IRMS measurements, and right one for CRDS measurements. The black dot in the western subtropical Atlantic in
the right panel marks the BATS station site. A large number of plotted data points are associated with more than one data point, for example
when they correspond to repeated cruises, often happening at the same time of year (cf. seasonal maps of data density in Appendix A).

nificant metadata that could be used for further evaluation.
Furthermore, the large proportion of surface data produced
by CRDS in the LOCEAN database (close to 80 % of the
surface data) offers the opportunity to investigate §>H and d-
excess, in addition to §'80, these two other variables being
much less frequent in the GISS-V1-21 archive.

Originally, the samples in the CISE-LOCEAN database
were mostly collected during research cruises, often re-
peated in different years for the same season, as well as on
board ships of opportunity with collection by a LOCEAN-
recruited ship rider (Benetti et a., 2017a), quite commonly
in the North Atlantic subpolar gyre (Reverdin et al., 2018).
More recently (mostly since 2018), the database also incor-
porates samples collected on vessels of opportunity (VOS)
by a mariner or a sailor, which often involves a later trans-
fer from a salinity bottle to a dedicated vial. Although these
VOS data tend to present less consistency, we retain them
in the database, because they are the only source of data in
most tropical-subtropical areas and in some seasons. The re-
sulting data distribution is quite skewed towards better sam-
pling in the northern to equatorial Atlantic Ocean and nearby
seas, the south-western Indian Ocean and between Tasmania
and Antarctica (Fig. 1). Even in these regions, except in the
NASPG, there are usually seasons with very limited or no
sampling: for example, during boreal summer in the equato-
rial Atlantic, austral fall in the southwestern Indian Ocean,
and late boreal fall to early spring south of Tasmania (Ap-
pendix A). Because of insufficient data availability during a
large part of the year, we will not present results for the re-
gion south of Tasmania, as well as other world regions, which
are less-well sampled in the CISE-LOCEAN database. Al-
though IRMS surface 8'80 data are less common, they still
contribute significantly to the sampling in some regions and
seasons (e.g. equatorial Atlantic in boreal summer, south-
western Indian Ocean in boreal winter; see Appendix A).
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Independently of the CISE-LOCEAN database, we also
considered surface samples collected mostly monthly,
close to the BATS hydrographic site (31°50'N, 64°10' W)
from 2015 to 2022. These samples were conditioned in plas-
tic bottles, frozen and stored at the University of Bergen
(Norway) before being analyzed in 2023. They were again
unfrozen in November 2025 to be transported to LOCEAN
where they were analyzed a second time between 5 Decem-
ber 2025 and 11 January 2026 on a CRDS unit which ex-
perienced a set of technical problems reducing the accuracy.
There are also indications that some of the samples had evap-
orated (5 samples in the Bergen analyses, and 19 samples in
the LOCEAN analyses). This is due to the plastic bottles not
being completely proofed against air exchange when closed
and not frozen.

2.2 Methods

We aim at a finer scale analysis of Wisotopes than in
LeGrande and Schmidt (2006) where most of the surface
North Atlantic is included in one single region, when con-
sidering their relationship to salinity. Indeed, this should be
viewed as a continuation of Benetti et al.’s (2017) regional
analysis, as well as water mass analyses such as in Frew et
al. (2000) and Voelker et al. (2015), but with strict focus on
the surface (top 10 m). We consider boxes bound in latitudes
and longitudes (Fig. 1), in which only samples with a salinity
within specified ranges (later reported in Table 1) are retained
to avoid the freshest waters directly influenced by strong lo-
cal freshwater inputs (rivers, heavy rain events, large sea ice
melt) which can lead to very skewed salinity distributions
(Bingham et al., 2002), and possibly different relations be-
tween salinity and Wisotopes.

The regional boxes correspond to identifiable oceano-
graphic domains with respect to ocean circulation, as well

https://doi.org/10.5194/0s-22-3225-2026
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Table 1. Annual averages of the slopes (%o per pss) and O-intercepts (%0) of Wisotopes as a function of S in the different boxes. Left for s180,
middle for §2H, and right for d-excess. These averages (and their standard error in parentheses) are obtained by arithmetically averaging the
linear regression coefficients obtained for the seasons with data. The minimum salinity threshold (Sy,i,) as well as the total number of data

points (n) are also reported.

Box  Center Sin n s180 s180 82H 82H d-excess d-excess

slope intercept slope intercept slope intercept
1 45°W/52°N 340 232 0.555(0.013) —19.13(0.46) 4.26(0.16) —147.6(5.5) —0.27(0.03) 8.5(1.1)
2 32°W/58°N 340 658 0.479(0.024) —16.46(0.86) 3.44(0.13) —119.0(5.0) —-0.48(0.14) 15.7(4.8)
3 12°W/62°N  34.0 202 0.407 (0.051) —13.90(1.8) 2.87(0.43) —98.9(15.3) —0.37(0.05) 11.9(1.9)
4 32°W/47°N 345 50 0.531(0.044) —18.25(1.6) 4.15(0.24) —143.9(8.6) —0.15(0.14) 4.2 (4.8)
5 15°W/55°N 345 119 0.369 (0.050) —12.6(1.7) 3.40(0.49 —117.5(17) —0.14(0.10) 3.6 3.5)
6 15°W/47°N  35.0 159 0.399 (0.027) —13.56 (1.0) 2.74 (0.24) —93.4(8.7) —0.59(0.07) 19.9(2.5)
7 45°W/32°N  36.0 120 0.199 (0.010) —6.1(0.9) 1.17(0.23) —35.2(8.6) —0.41(0.05) 13.3(1.7)
8 45°W/22°N  36.0 53 0.256 (0.027) —8.3(1.0) 1.75(0.32) —57.4(12.3) —0.13(0.25) 2.9 (9.8)
9 67°W/30°N  36.0 30 0.260 (0.031) —-8.3(1.2) 1.76(0.16) —56.0(6.6) —0.29(0.18) 9.0 (6.6)
10 20°W/37°N 355 159 0.399 (0.019) —13.6 (0.7) 2.54(0.12) —86.1(4.4) —0.69(0.18) 23.6(6.8)
11 20°W/30°N  36.0 125 0.303 (0.028) —10.1(1.0) 1.98(0.25) —65.9(9.2) —-0.41(0.11) 11.3(3.3)
12 27°W/21°N  36.0 98 0.318 (0.041) —10.6 (1.5) 2.19(0.33) —73.8(12.0) —0.34(0.05) 10.5(2.2)
13 32°W/14°N  35.0 129 0.265 (0.046) —8.6(1.6) 1.84(041) —-60.3(14.7) —0.28(0.07) 8.5(124)
14 26°W/8°N 34.0 93  0.197 (0.055) —6.1(2.0) 0.82(0.35) —23.2(12.5) —0.78(0.22) 26.6(7.8)
15 22°W/0° N 34.0 317 0.071 (0.006) —1.6(0.3) 0.39(0.07) —7.72.7) —-0.36(0.05) 11.4(1.8)
16 4°W/0° N 340 168 0.054 (0.025) —1.03(0.8) 0.08 (0.11) —-0.5(0.9) —-0.43(0.12) 142 4.4
17 7°W/13°S 355 172 0.161(0.045) —4.9(1.6) 0.65(0.05) —17.2(1.8) —0.60(0.06) 20.3(2.5)
18 35°W/13°S  36.0 87 0.228 (0.020) —7.2(0.7) 1.24(0.27) —38.3(9.8) —0.51(0.05) 17.0(1.9)
19 60°E/25°S 345 130 0.486 (0.08) —16.6 (2.9) 2.43(0.29) —81.8(8.7) —0.06(0.12) 0.8 (4.6)
20 60°E/37°S 35.0 350 0.440 (0.033) —149(1.2) 194(1.200 —-64.5(42.6) —0.49(0.21) 16.2(7.4)

as to specific regimes of the air-sea exchange — by Evap-
oration (E) and Precipitation (P) —, or to other freshwater
sources. In practice, the boxes must in general be relatively
large in order to retain data throughout the seasonal cycle.
Despite that, except in the NASPG (boxes 1 to 3), there is
often at least one season much less sampled than the others.

In each region, horizontal and vertical mixing between
different water masses and their advective paths, as well as
freshwater inputs and evaporation result in a spread of sur-
face salinity, as well as in Wisotopes. Sometimes the dif-
ferent water masses are not isotopically distinguishable in a
[Wisotopes, salinity] diagram. For example, in the equatorial
Atlantic and eastern subtropical gyre of the Atlantic Ocean,
Benetti et al. (2017b) could not distinguish the signatures of
upwelled waters from the ones of the surface water masses
advected from higher eastern subtropical latitudes.

To resolve the seasonal cycle of Wisotopes, it is useful to
establish regional monthly relationships between Wisotopes
and S. In principle, the better-defined monthly fields of salin-
ity could then be used to reconstruct spatial fields of Wiso-
topes, as was done in LeGrande and Schmidt (2006) with
large-scale annual linear relationships. However, to partially
circumvent the issue of insufficient isotopic sampling, the
compromise adopted here is to group in each box the data
into four quarters (months 1-3, 4-6, 7-9, 10—12), which, as
will be presented in the results section, sometimes produces
too uncertain seasonal linear regressions. Thus, to investigate
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whether systematic seasonal differences in these linear rela-
tionships can be identified, we also averaged the seasonal re-
lationships of nearby boxes in larger regions (regions A, B, C
on Fig. 1).

The data were not numerous enough to investigate possi-
ble non- linearity in the relationships, especially within the
restricted salinity range retained. The linear regression of
Wisotopes as a function of S are obtained with least square
means in the [S, Wisotopes] space, thus minimizing non-
explained residual variance in Wisotopes. To reduce the in-
fluence of less common data at the lowest or highest salin-
ity tails of the distribution, we also estimate a slope and O-
intercept (value of the regression line at S = 0) by directly
fitting the averages of two classes of data, one for the data
below and one for the data above the seasonal salinity aver-
age.

The comparison of the two approaches indicates that the
unbiased, but slightly noisier second approach often leads to
a significantly larger slope. In the four North Atlantic subpo-
lar gyre boxes (1, 2, 3, 4), this excess slope averages ~ 4 %,
6 %, 10 % of the mean slopes for 5180, §2H and d-excess, re-
spectively, whereas these increases tend to be smaller in the
eastern mid-latitudes and northern tropics. The differences
are usually largest for d-excess, and always within the un-
certainty estimates of the slopes in individual regions. Thus,
for simplicity, we will only report the second estimate in the
results section.

Ocean Sci., 22, 3225-3243, 2026
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We then average the seasonal linear relationships between
Wisotopes and S to obtain annual-averaged linear relation-
ships. The advantage of this approach is that the different
seasons are given similar weight, avoiding thus an impact of
seasonal sampling bias when estimating the annual-averaged
relationships. The caveat is that the resulting uncertainty on
the average can be strongly influenced by less well sampled,
more uncertain seasons.

In each box, the isotopic data were also averaged by
month to estimate a seasonal cycle, with unresolved spatial
or interannual variability in the sampling contributing to the
standard deviation between data points. The climatological
monthly salinity fields present spatial gradients in each re-
gion, which likely also imprint on the Wisotopes fields, as-
suming a quasi-linear relationship with respect to salinity.
With a limited and spatially inhomogeneous discrete sam-
pling, this contributes to a representativeness error on the
monthly mean of the discrete samples. This error can be
large, as can be guessed from the seasonal sampling distri-
bution plotted in Appendix A, with monthly sampling rang-
ing from less than 4 samples (in more than half the month-
boxes averages) to over 100. We estimate the effect of lim-
ited spatial sampling in Appendix B using two climatological
products for years including a good part of the isotopic data
(described in Reverdin et al., 2007 and Boutin et al., 2016,
2021). We also estimated a spatial representativeness error
on Wisotopes, using the estimated linear regression of Wiso-
topes to the salinity representativeness error.

As discussed in Appendix B, in most boxes and for a
large part of the seasonal cycle, the spatial standard devia-
tion of climatological monthly salinity contributes to a rather
large representativeness error which often exceeds 0.1 on
salinity within the CISE-LOCEAN dataset. For example, in
the central equatorial Atlantic (box 15 on Fig. 1), sampling
in specific months (in particular March) (see Appendix A)
is from repeated cruises along dedicated tracks resulting in
a strong deviation of the average salinity of the discrete
data points from the domain-average salinity. The month-
to-month changes in sampling thus strongly contributes to
the estimated box-averaged salinity seasonal cycle. The ex-
pectation is that this would also be the case to some extent
for the Wisotopes, which was tried by using the seasonal or
annual-averaged linear relationships of Wisotopes to salinity
to adjust for this effect. The notable exception, where the spa-
tial representativeness error is not a major issue, is the three
more regularly sampled boxes of the North Atlantic subpolar
gyre (1, 2, 3 on Fig. 1), where the seasonal cycle is, however,
relatively weak.

Ocean Sci., 22, 3225-3243, 2026

G. Reverdin et al.: Seasonal cycle in surface seawater isotopic composition

3 Results
3.1 Annual-averaged linear regressions

For more than half of the boxes, the uncertainties on the in-
dividual seasonal slopes (and O-intersects estimated by the
extrapolation of the regression line to S = 0) are larger than
the differences between these seasonal values. Portraying the
spatial variability in the slopes and O-intersects of the individ-
ual boxes is thus not feasible at the seasonal time scale. Thus,
we will only illustrate this spatial variability for the annual-
averaged regressions in each box. In order not to bias the av-
erage because of uneven sampling across seasons, we retain
all seasonal estimate that are based on at least 4 data points
originating from at least 3 separate years. On the other hand,
we still retain seasons with very small sampling which can
induce large standard errors on the annual-averaged coeffi-
cients (such as in regional boxes 5, 8, 9, 17, cf. Appendix A).
In boxes 19 and 20 (SW Indian Ocean), these annual aver-
ages are obtained by averaging only three (§'80) or two (§°H
and d-excess) seasons, respectively, as the other seasons have
no data.

The average slopes of 8§80 and 82H as a function of S
(Fig. 2, Table 1) are largest in the northern and western
NASPG (boxes 1 and 2 in Table 1), as well as in the South
Indian Ocean (boxes 19 and 20), whereas they are small-
est near the equator. Slopes are usually also a little smaller
in the western subtropical North Atlantic than in the east-
ern part. The O-intercepts patterns mirror the patterns of the
slope (with the opposite dependency: most negative in north-
ern NASPG and south Indian Ocean).

For d-excess, the pattern is less clear with larger relative
errors, in particular for some of the most extreme values (Ta-
ble 1). Negative slopes are however larger in the three trop-
ical Atlantic boxes off the equator (14, 17, 18) compared to
the equatorial boxes (15, 16), and are smaller just south of
the NASPG (boxes 4 and 5), as well as in box 19 in the
subtropical South Indian Ocean near 25°S. The d-excess 0-
intercepts present a similar pattern to the one in the slope,
with large positive O-intercepts for large negative slope val-
ues. The overall anti-correlation of slope and O-intercept may
arise from noise in the dataset, as § = 0 is very far from the
range of salinity in which data were retained, and thus an ex-
trapolation based on a noisy slope estimate would induce an
anti-correlated noise in O-intercepts.

3.2 Seasonal linear regressions in well-sampled
regional boxes (NASPG)

In the particularly well-sampled box 2 (Irminger Sea and
nearby areas), the residuals of individual data points with re-
spect to the seasonal linear regression have a standard de-
viation of 0.048 %o, 0.35 %o and 0.21 %o for §'30, §*H and
d-excess, respectively (averaged over the four seasons). In
this box 2, which does not present a large spatial or temporal
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Figure 2. Annual averages of the slopes (%o per pss) and O-intercepts (%o) of Wisotopes as a function of S in the different domains. Left
for 5180, middle for §2H, and right for d-excess (cf. Table 1 for standard errors on these averages, estimated from the dispersion between

the different seasonal averages).

variability in salinity, a significant share of the variance of the
individual data in a given season is explained by the mean lin-
ear regression to S for 8180, 82H (Pearson correlation coeffi-
cient r averaged over the four seasons of 0.69 and 0.67, cor-
responding to correlations which are always significantly dif-
ferent from 0 at p = 0.01), but not so for d-excess (r = 0.35).
Similar significance levels are found in the nearby boxes 1
and 3 in the NASPG, with caveats of slightly larger uncer-
tainties due to somewhat weaker sampling in some season.
This encourages us to check whether there are seasonal dif-
ferences in the regressions.

The seasonal distributions of the linear fits of Wisotopes
to S are illustrated for two rather well sampled boxes in
the western and north-central NASPG (1 and 2 on Fig. 1)
(Fig. 3). The average salinity cycle roughly corresponds
to what is expected in these two regions (Reverdin et al.,
2018) with lower summer-fall salinity and higher winter-
spring salinity. In both regions the different seasonal distribu-
tions for §'80, §2H versus S'nearly overlay each other with
maybe a small negative isotopic shift in months 10-12 con-
trasting with a positive shift in months 7-9, at least for the
westernmost region. There are also slightly larger slopes in
months 1-3.

The seasonal d-excess versus S distribution also suggests
differences according to the seasons, with d-excess appar-
ently shifted to lower values in the spring season (4—6). The
d-excess deviations across seasons exceed the uncertainty on
the averages. For instance, assuming that all data points pro-
vide independent realizations, the standard errors on the d-
excess averages in season 4—6/7-9 are respectively 0.04/0.03,
and 0.015 %0/0.016 %o for the western and north-central re-
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gions of the NASPG (1 and 2 on Fig. 1), respectively. This is
supported in a nearby region (3) south-east of Iceland with
reasonable sampling (not shown). There is also a sugges-
tion of a lower slope in season 10—12 with slopes altogether
lower in the western than in the central NASPG (1 and 2 on
Fig. 1). However, the estimated standard errors for these d-
excess versus S seasonal slopes are large and are estimated
to be on the order of 0.15 %cper psu in all seasons. Thus, even
in these well-sampled regions, the differences between sea-
sons in the slope of d-excess versus S linear relationships are
within the error bars.

3.3 Seasonal linear regressions in larger regions

Except for the well-sampled boxes in the NASPG, uncer-
tainties are often large on seasonal regressions, in particular
when sampling includes less than 10 individual data points,
in particular for d-excess. For this derived variable, this is due
to a worse noise/signal ratio, with a smaller proportion of the
variability explained by the regression to salinity. These pro-
portions vary between boxes, but for §'30, §2H the part of
the variance explained by the linear regressions tends to de-
crease towards the lower latitudes. The lowest values (20 %—
30 %) are near the equator, thus corresponding to correlations
which are only significantly different from O at p =0.02
or 0.05. On the other hand, for d-excess, the linear fit holds
best in the equatorial Atlantic boxes where it explains on the
order of 40 % of the variance in individual data points (r of
0.63 significant at p = 0.01).

Thus, in order to retrieve a significant seasonal signature
in the slopes and 0-intercepts, one needs to reduce the impact
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Figure 3. Seasonal linear fits of Wisotopes (%o) versus S (from top
to bottom for 6180, 82H and d-excess) for two boxes (1 and 2 on
Fig. 1) which are part of region grouping A in the north-western
and central North Atlantic subpolar gyre. Data have only been re-
tained for S within 34 to 35.5 and the linear fit is provided within
the seasonal S range observed. The dots correspond to the averages,
with their standard error always within the plotted dots for these two
well sampled regions (for box 1, the seasonal data number varies be-
tween 26 (months 4-6) and 77 (months 1-3); whereas in box 2, it
varies between 102 (months 1-3) and 225 (months 7-9)).

of the limited sampling on the seasonal uncertainties. To do
that, in each season, we average the regression estimates for
individual boxes into larger domains, based on commonality
in the sources of water, and whether evaporation dominates
over precipitation and other meteoric waters or the opposite.
In particular, we identify three regions. Region A groups
boxes 1 to 4 in the North Atlantic subpolar gyre (yellow
boxes in Fig. 1), with usually excess precipitation, a fresh-
water input from the Arctic and potential contribution of sea
ice melt. Region B extends from mid-latitudes to northern
tropics in the eastern Atlantic, encompassing 5 boxes (6, 10
to 13, red in Fig. 1), with usually excess evaporation and lim-
ited local continental meteoric inputs. Region C is an equato-
rial and south-equatorial region grouping 3 boxes (15 to 17;
green in Fig. 1), sharing an upwelling season, another sea-
son with excess precipitation, and possible influence of con-
tinental meteoric water. We also attempted to create a west-
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Figure 4. Slopes (upper panels, in %o per psu) and O-intersects
(lower panel, in %o) from the seasonal regressions of § 180 versus §
in the three regions reported in Table 2. The dots are the averages
with added standard error bars. From left to right: region A for the
North Atlantic sub-polar gyre (yellow boxes in Fig. 1), region B
for the eastern North Atlantic (red in Fig. 1), and region C for the

equatorial Atlantic south of 5° N (green in Fig. 1).

ern subtropical Atlantic region, and to separate the northern
tropics from the more northern mid-latitudes in the eastern
Atlantic. However, the uncertainties were then too large in
some seasons for these smaller regions, so that we discarded
such groupings.

These regional composites (Fig. 4, Table 2) do not show
large/significant seasonal variability of the slopes/intercepts,
but there are some hints of signals. For example, in northern
region A (yellow on Fig. 1) for §'80, the slope is slightly
higher and intercept more negative in season 1 than during
the rest of the year, albeit the difference is not significant at
the 90 % confidence level (Fig. 4). On the other hand, Table 2
for d-excess in region A indicates a more negative slope and a
larger O-intercept in season 2, and the opposite for season 4,
but these differences are also barely significant at the 90 %
confidence level. Furthermore, these extrema happen for dif-
ferent seasons than for §'30.

In region C (equatorial Atlantic south of 5°N, green in
Fig. 1), the slope for §'80 is lower and the O-intercept less
negative in season 2 than during the other seasons, differ-
ences also barely significant at the 90 % confidence level. On
the other hand, there is no significant seasonal signal in the
composite for region B (eastern Atlantic, red in Fig. 1).

3.4 Monthly time series

In most regions, monthly standard errors are often large com-
pared to the amplitude of the seasonal cycle, and part of the
apparent seasonal cycle results from spatial sampling biases.
However, there are a few regions where there is sufficient
agreement in the salinity seasonal cycle with the climatology,
such as in the central and western parts of the NASPG, or in
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Table 2. Domain-averaged seasonal slopes and O-intersects (standard error in parenthesis) from the regressions of Wisotopes versus S
(region A for the North Atlantic Sub-polar gyre, B for the eastern North Atlantic, and C for the equatorial Atlantic south of 5° N. Seasons 1
to 4 are respectively for months 1-3, 4-6, 7-9, and 10-12. Note that for region 3, season 3, there are not enough data points in 82H and
d-excess, and in season 4, region 17 is not included in the average values for 82H and d-excess. Units are %o per pss for all slopes and per

mil for all intercepts.

Region  Season 8180 8180 82H 82H d-excess d-excess
slope O-intercept slope O-intercept slope O-intercept

A 1 0.543 (0.017) —18.69 (0.65) 3.97(0.24) —137.7(08.5) —0.37(0.13) 11.9 4.8)

A 2 0.448 (0.055) —15.34(2.07) 3.31(0.54) —114.3(19.1) —0.46(0.14) 14.9 (3.1)

A 3 0.508 (0.052) —17.51(1.99) 3.66 (0.45) —126.7(15.9) —0.35(0.08) 11.2(2.3)

A 4 0.472 (0.032) —16.22(2.22) 3.77(0.25) —130.6(08.9) —0.16(0.11) 4.4 (4.0)

B 1 0.342 (0.052) —11.40(1.90) 2.26 (0.38) —75.8(13.4) —0.46 (0.11) 15.2 (3.9)

B 2 0.359 (0.034) —12.07 (1.25) 2.49 (0.27) —83.8(12.1) —0.45(0.10) 14.7 (3.7)

B 3 0.354 (0.047) —11.92(1.70) 2.30(0.34) —77.9(12.5) —0.52(0.19)  17.4(7.0)

B 4 0.295 (0.031) —09.75(1.15) 1.98 (0.21) —66.1 (07.6) —0.42(0.12) 13.4 (4.5)

C 1 0.107 (0.033) —2.91(1.20) 0.46 (0.17) —10.5(05.6) —0.40(0.16) 13.2(5.5)

C 2 0.036 (0.030) —0.38 (1.03) 0.44 (0.15) —09.3 (05.1) —0.46 (0.06) 14.0 (1.8)

C 3 0.097 (0.028) —2.57 (1.02)

C 4 0.140 (0.065) —4.15(2.30) 0.28 (0.14) —0.44 (03.9) —0.51(0.18) 16.6 (6.5)
the central Atlantic box 14 (5-12°N) (cf. Appendix B). The s, SSSEauAd d-excessEqu.Atl
sampled S seasonal cycle in this last region presents a good ' 1 T7el aedt T T @
agreement with monthly salinity climatologies, whereas in b N !-_:.'\. o o | T T /""1‘.'
box 15 to its south (5° S—-5°N) there are larger differences, 354 d 4 -‘—\\L‘ £ 125 '\/L_' T [ i
in part because of large month-to-month spatial differences wo | | | ey 1f 1801 & At
. . . . L sN- ) L sn-1zn .
in the sampling (cf. Appendix B). We thus chose to illus- sk SN || azs SN L1

trate the average seasonal cycles for surface salinity, §'80,
82H and d-excess in these two contrasting equatorial regions
with the monthly means and the standard deviations of the
monthly samples (Fig. 5). In addition, the smaller estimated
standard errors are commented in Appendix B for these two
regions. For the equatorial region, we also estimate a sea-
sonal cycle in Wisotopes free of the spatial sampling bias,
based on the expected S-bias (from Appendix B) and the an-
nual S-Wisotopes linear relationships of Table 1.

The two boxes of Fig. 5 present a large contrast in the sea-
sonal cycles. The seasonal cycles in the 5-12° N box have a
much larger amplitude than the ones in the 5° S-5° N box,
especially after the correction applied to remove the spatial
sampling bias. In the 5° S—5° N box, the standard deviation of
the seasonal cycles diminishes when applying the S-derived
sampling bias correction from 0.27 to 0.15 for S, 0.027 %o to
0.015 %o in 8'80, from 0.19 %o to 0.16 %0 in 8*H and from
0.19 %0 to 0.14 %o in d-excess. Furthermore, the correlation
coefficients between S and other Wisotopes variables dimin-
ishes when applying the spatial bias. They remain signifi-
cant at the 90 % confidence interval for §'80 (Pearson cor-
relation coefficient of 0.71), but not so for §2H (0.60) or
d-excess (—0.46, compared to —0.78 before removing the
spatial bias). The lack of correlation for d-excess is not sur-
prising given the estimated standard errors (cf. Appendix B)
and the very limited sampling in particular in months 7009.
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Figure 5. Average seasonal cycle in two central equatorial Atlantic
boxes (14 and 15) for S (practical surface salinity, with no unit),
8180, 52H and d-excess (in %o). The averages are usually pro-
vided monthly, except bi-monthly in a few instances with insuf-
ficient monthly sampling. The standard deviation among the data
points is plotted (as +107), and the monthly data number indicated
for 8180 lower left panel. For the 5° S—5° N box 15, the blue curves
are estimated box-average seasonal cycles after removing the spatial
sampling bias (Appendix B).

In the 5-12° N box, the correlations with S are more signif-
icant for 8*H (Pearson correlation coefficient of 0.88) and
d-excess (—0.87), but not for §'80 (0.73).

As a complementary vision on what these box-average
seasonal cycles entail, the different seasonal averages are
plotted with the annual average regression lines from Ta-
ble 1 in Wisotopes versus S (Fig. 6). For 8!80, §?H, they
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Figure 6. Average linear regressions of Wisotopes (%o) as a func-
tion of S (the average of the four seasonal linear regressions) from
Table 1 (boxes 14 and 15) for two central Atlantic equatorial re-
gions (left 5-12° N; right 5° S-5° N) displayed from top to bottom
for 8180, 82H and d-excess (d, e). The four average seasonal values
(without correction for the spatial representativity error) are shown
with their standard error bars (SE) (it is smaller than the dots size,
except in season 1-3).

nearly overlay the regression lines, suggesting that the sea-
sonal changes mostly correspond to the action of similar hy-
drological processes as the spatial spread during one season.
However, this is somewhat different from the larger regional
averages from Fig. 4 and Table 2, which include the 5° S—
5°N box and suggest a seasonal cycle of the slopes and 0-
intercepts. This thus requires a little bit of caution on how
spatially stable these relationships are within the larger re-
gion C, and whether the processes that control the spread
of sampled values are the same as those controlling the re-
gional average. Notice also that there is a suggestion of a
seasonal difference in d-excess with points in seasons 4-6
and 7-9 (10-12, 1-3) to the right (left) of the average regres-
sion line for both regions (Fig. 6).

In most other regions, the seasonal cycle in salinity and
Wisotopes is rather weak or presents large uncertainties, with
the exception of three better-sampled boxes in the North At-
lantic subpolar gyre. We also present in Appendix C, the sea-
sonal cycle of the BATS time series monitored over 7 years.
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As there is regular sampling at that site, there is no spatial
representativity error to correct. Standard errors come from
the meso-scale and interannual variability, as well as poor
sample conservation and measurement uncertainties (see dis-
cussion in Appendix C). A comparison was done with box 9
results, but this box is the least well-sampled box and spatial
representativity errors are large. Nonetheless, at 0-order and
with standard errors comparable to the observed seasonal cy-
cle, box 9-values agree with what is obtained at the BATS
station.

4 Discussion
4.1 Annual-averaged linear regressions

Although this dataset is not always sufficient to identify sea-
sonal variability in the relationship of Wisotopes with salin-
ity, it allows to portray rather well the spatial structure of
these regressions, and with little seasonal bias. This usually
fits well with what was published earlier. Frew et al. (2000)
indicate for the NASPG a rather steep slope of the regression
line of 8'30 versus salinity (0.59 %o per pss) and a rather low
O-intercept (—23 %o) indicative of a large contribution of me-
teoric waters/freshwater of Arctic origin. These values are
close to but a little larger with respect to the ones we find in
the surface waters. Our data are mostly located in the west-
ern part of the NASPG, and exhibit a smaller spread? Part of
the difference originates in that we do not retain the lowest
salinities typical of the shelves and slopes in the regressions.
The surface data in Voelker et al. (2015) a little further south
(30—40° N) in the eastern Atlantic indicate for 80 a some-
what lower slope (0.32 %o per pss) and a higher O-intersect,
somewhat similar to what we find in collocated boxes 11-12
(similar agreement found for §7H).

Benetti et al. (2017a), who also reports on 8180, §%H and
d-excess from a subset of the data used here, show spatial
variability in the regression line of Wisotopes with salin-
ity between some of the same regions of the mid-latitude
to equatorial Atlantic that are explored here with a widely
extended dataset. Benetti et al. (2017a) explained to some
extent the spatial variability from mid-latitudes to the equa-
tor through properties of P and E, and the relative contri-
bution of the two, with for example the central equatorial
Atlantic dominated by precipitations not very depleted in
heavy isotopes, thus inducing a small slope in the distribu-
tions of 8!80, 82H, to salinity. They additionally present an
east to west contrast in the slopes at the North Atlantic trop-
ical and subtropical latitudes. They point out that the surface
water masses in the western Atlantic carry the advected con-
tribution of the Amazon-Orinoco discharge and low latitudes
precipitations, whereas the surface water masses in the east-
ern Atlantic advect high latitude North Atlantic contribution
as well as excess evaporation. Our study also finds that con-
trast, and suggests that this is not related to seasonal differ-
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ences in the sampling used in Benetti et al. (2017a), albeit
sampling in the western subtropical Atlantic is sparse. Fur-
thermore, the lowest regression slope for 8180 and §>H in the
western subtropical North Atlantic is also supported by the
BATS hydrographic station surface data (see Appendix C).

4.2 Seasonal linear regressions

None of the earlier papers nor the mapping presented in
LeGrande and Schmidt (2006) discuss the seasonal variabil-
ity in surface Wisotopes data in the regions investigated here
away from shelves and continental slopes, because the poorer
sampling and larger scatter in the earlier datasets would only
allow to separate the largest spatial scales (and only for §!80)
in a “time-average way’.

To some extent, the qualified surface data in the updated
CISE-LOCEAN database allow to make some step towards
resolving the seasonal time scales. Sampling remains very
low in large areas (Fig. 1), with often too large scatter in the
data. There are some regions with large deviations in the re-
gression to salinity: for example, west of the British Isles, the
relationships are different possibly because there are multi-
ple sources of freshwater mixing up with North Atlantic Drift
waters from the subtropics: input from the fresher NASPG
waters with an Arctic water input, on one hand, but also less
depleted freshwater from rain and runoff from the British
Isles and western Europe. Importantly, this region is insuf-
ficiently sampled, so these deviations could also be artefacts
due to insufficient sampling. Similarly, in the 20-30° S band
of the southwestern Indian Ocean, we also find rather un-
certain seasonal regressions (Table 2). Based on Reverdin et
al. (2025) (and publications therein) this could originate from
a combination of two main freshwater sources to this mostly
excess-evaporation region: a first one very depleted which is
advected from the surface sub-Antarctic austral ocean with
southern latitude characteristics, and a second one less de-
pleted carried by the Indonesian throughflow from the west-
ern equatorial Pacific and maritime continent to the south-
western tropical Indian Ocean. In the present study, we have
not tried to separate the two and could not test whether there
is a seasonal dependence in the respective contribution of
these two water masses.

In the central equatorial Atlantic, when comparing the
Wisotopes averages in the 5-12° N (box 14) with the ones in
the 5° S—5°N (box 15), we find well defined seasonal cycles
in both regions, albeit with very different timings of max-
ima and minima (Fig. 5). This is expected from the seasonal
meridional displacements of the Inter-tropical convergence
Zone (ITCZ) and associated changes of ocean circulation
and equatorial upwelling, as discussed for S (Reverdin et al.,
2007; Da-Allada et al., 2013; Yu et al., 2021). The ITCZ is
furthest south in January-March, with a later initiation of the
seasonal equatorial upwelling in May, simultaneous with the
northward displacement of the ITCZ, as well as the setting of
the eastward North Equatorial CounterCurrent (NECC) later
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on (July—August) bringing water from the Amazon plume in
addition to local precipitation to the central equatorial At-
lantic further north (box 14, 5-12° N). This would have in-
duced in season 1012 of box 14 (5-12°N) changes in §'30
and 82H intercepts (Fig. 6), and a lower intercept for d-excess
(not shown) compatible with a seasonal influence of Ama-
zon river discharge (properties of waters more strongly influ-
enced by Amazon discharge are presented in Benetti et al.,
2017a). In each of the two regions, S, '30 and §%H vary
mostly in phase, whereas d-excess varies in opposite phase
(but not significantly in box 15, 5°S-5°N) (Fig. 5), consis-
tent with the average regression of these different properties
with respect to salinity (Table 1).

In the north-western Atlantic (boxes 1 and 2 of Fig. 1;
but this also holds for nearby regional boxes included in re-
gion A of Table 2), one finds in winter (months 1-3) a larger
regression slope (and more negative O-intercepts) for §'30
and 8%H than in other seasons. This is reminiscent of the re-
sults in Benetti et al. (2016), which they attribute to an up-
stream contribution of sea ice formation (brine release), al-
beit we restrict here the data to salinities above 34, thus pos-
sibly missing a good part of this signal, which is strongest
at the lowest salinities and along the shelves and continental
slopes. Interestingly, for d-excess, the largest anomaly hap-
pens less in winter than in spring, with the average d-excess
and individual data points shifted to more negative values (at
constant §), and with a larger negative slope (at least when
averaged over the four seasons, as presented in Table 1, and
seasonally grouped as region A in Table 2) and a larger posi-
tive O-intercept. It would be tempting to relate that to advec-
tion of water affected by sea ice formation processes. How-
ever, the respective fractionations for § 180 and 8§2H when sea
ice forms, at least at equilibrium, remain very close to a ratio
of 8 in Souchez et al. (1988), thus inducing no major change
for d-excess in the remaining liquid sea water. Thus, as salin-
ity increases due to brine releases, the regression line would
shift to the right in a d-excess versus S diagram, thus above
what on Fig. 3, whereas the opposite is observed. As these
are areas with active winter air—sea exchange and mixing of
the upper water column, although not to the same level in the
four regional boxes, the changes might also be attributed to
those processes. This would require a modelling approach to
fully apprehend.

In most other regional boxes investigated, the seasonal
differences observed in the regressions to salinity were not
found to be significant, even after grouping (averaging) these
different regions into larger domains (Fig. 4, Table 2). Thus,
the seasonal variability is usually not of a similar magnitude
as the large-scale spatial differences. This thus allows for the
use of the surface Wisotopes data in comparisons of different
databases/sets, even if these datasets have not been collected
in the same season (as done in Reverdin et al., 2025). This
does not preclude that some areas with large seasonal vari-
ability of advection, evaporation (E), precipitation (P), and
different sources of freshwater may present larger seasonal
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signals in the regional regression lines. This is probably what
we observe in the central equatorial Atlantic in months 34,
and it is also likely the case in areas of the western equato-
rial Atlantic presenting very large seasonal (and interannual)
variability, due to the freshwater seasonal discharges mostly
originating from the Amazon/Orinoco rivers. This has been
observed in other oceans, such as in the western/central equa-
torial Pacific (Conroy et al., 2017; Horikawa et al., 2023).
Higher data density would be required to establish potential
seasonal and interannual variability in the regression lines.
For example, in the South Indian Ocean, although there is a
long time series (starting in 1998) with often adequate spa-
tial sampling for austral summer (1-3) conditions (Akhoudas
et al., 2023), there are nearly 5 months in the year with no
data in the CISE-LOCEAN database, and the winter data are
mostly from the beginning part of the time series, thus with
the possibility of trends (Akhoudas et al., 2023) creating ap-
parent seasonal variability.

4.3 Monthly time series

When establishing box time series with limited spatial sam-
pling, we face the issue of spatial representativeness errors in
the sampling. An attempt was done to correct it by using the
annually-averaged regression lines in the same box with the
estimated salinity representativeness errors (Appendix B).
This resulted in reduced seasonal variance in Wisotopes in
equatorial Atlantic box 15. On the other hand, there is the
caveat that the larger scale seasonal regression line (do-
main C) shows a large seasonal variability, albeit marginally
significant (Fig. 4). Using this modulation of regression line
in box 15 does not significantly modify the seasonal cycle
in 8'80 and §2H, with slightly lower values for months 11—
12 and higher values in months 1-3 (not shown). On the other
hand, with the limited sampling, there is also the likelihood
that insufficiently sampled interannual to multi-decadal vari-
ability might result in a temporal representativity error. For
example, in the South Indian Ocean, multi-decadal trends
have been described both in the southwestern subtropical re-
gion and south of the Subantarctic front, which have been
ascribed to changes in the hydrographic cycle and in particu-
lar in local E and P (Akhoudas et al., 2023).

The BATS site time series in the western North Atlantic
subtropics (Appendix C) is one of the rare sites where there
was a concerted effort to regularly collect data over more
than 7 years. It shows a clear seasonal cycle in S, §'30
and 8°H, but less so in d-excess (Appendix C), as sampling
is still too limited given the uncertainties in the measure-
ments. Anomalizing the data by subtracting the monthly-
averaged seasonal cycle removes a significant part of the
variance (Fig. 7 and Appendix C). However, except for a few
peak values exceeding +0.15 %o for §'20, the values are usu-
ally rather close to the estimated standard errors and possi-
ble magnitude of systematic errors in the data. Even with the
one-year running mean (Fig. 7, black curves), standard errors
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Figure 7. Anomalized time series of sea surface salinity (pss),
8180, 8 2H and d-excess (%c) at the BATS site (31°50'N,
64°10" W). A version where averages of non-flagged LOCEAN and
Bergen data is shown (see Appendix C). The blue curve connects
individual data points, whereas the black curve is a 1-year running
mean of the data.

remain large, averaging 0.026 in S, and 0.018 %o, 0.13 %o,
0.06 %o on 880, §2H and d-excess, respectively.

Despite these large residual standard errors, the data sug-
gest higher than normal §'80 and §?H in, in mid-2017
to 2018 (in particular the winter 2017-2018) with lower val-
ues in 2019 and 2021. These do not seem to closely corre-
spond to the S variability. For example, notice in early 2016
the low salinities but no low 8'80 and §°H. The d-excess time
series suggests a contrast between very negative values in
winter 2017-2018 and positive in 2021 as well as in late 2015
early 2016 and in 2019. This seems to partially mirror (with
opposite sign) the salinity anomalies, except in 2022. These
short time series appear to partially co-vary with the North
Atlantic Oscillation (NAO, Hurrell et al., 2005), with the
winters 2014-2015, 2017-2018, and to a lesser extent early
2020, having a positive NAO index, in contrast to 2021 with
a more negative NAO index (positive NAO index associ-
ated with an increase in 8180 and §2H, and a decrease in
d-excess). A longer times series and with smaller analytical
errors would allow to further explore these possible relation-
ships, as well as other modes of climate variability.

Nonetheless, interpreting the poorly resolved interannual
variability would also require model simulations, in particu-
lar to separate the effect of changes in the hydrological cy-
cle from the effect of changes in ocean circulation or surface
stratification/upwelling signals (cf. Ayache et al., 2024, but
for another ocean region).
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5 Conclusions

Although the current surface data in the CISE-LOCEAN
database mostly collected during the last 28 years, and in par-
ticular since 2010, are still in limited number, they offer the
possibility to characterize the seasonal cycle of Wisotopes
and their relationship to surface salinity in part of the Atlantic
Ocean and of the southwestern Indian Ocean. At 0-order in
most of these regions, the data suggest that the seasonal vari-
ations of the regression of Wisotopes to salinity are not large
compared to its spatial variability, and within the random and
representativity errors. However, there are some significant
seasonal deviations from the mean, in particular in the west-
ern North Atlantic subpolar gyre and in the equatorial region.
We also find a suggestion of interannual variability at the reg-
ularly sampled BATS site in the western subtropical Atlantic.

We have only interpreted the clearest seasonal deviations
from the yearly-averaged relationship in a qualitative matter.
To get further would involve relating them either to changes
in ocean circulation (both horizontal or vertical mixing), or
in the water fluxes between the atmosphere, the cryosphere,
sea ice, and liquid sea water. In addition to the data, this
would require dedicated simulations of forced isotopically-
enabled ocean models first validated by the observations (Ay-
ache et al., 2024). In the longer term, this might also require
isotopically-enabled earth system models, as the isotopic sig-
natures of these different processes (evaporation, precipita-
tion, continental inputs) evolve in our warming world, as well
as the melt of continental glaciers and ice sheets which will
imprint on the seawater isotopic composition (e.g., Oppo et
al., 2007). Additionally, surface seawater isotope data pro-
vide model boundary conditions to assess model perfor-
mance in isotope-enabled Earth system models (e.g. Schmidt
et al., 2007; Brady et al., 2019; Cauquoin et al., 2019).

The data are still very limited in individual data sets such
as the CISE-LOCEAN one, the earlier GISS Global Sea-
water Oxygen-18 database or the CoralHydro2k Seawater
8180 database. There is a pressing need to put together efforts
for better isotopically sampling the near-surface oceans, and
thus better constraining processes of the hydrological cycle.
This requires active intercomparison of data from different
laboratories, with precise qualification of their differences
and respective accuracy (as currently performed within the
SCOR working group 171 — MASIS). There is hope with on-
going efforts of data retrieval and updating databases that this
might be reachable in many parts of the world oceans, despite
the obstacles of systematic differences and insufficient data
coverage (Reverdin et al., 2025).
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Appendix A: Seasonal data distributions

The maps of data distribution (Fig. A1 for 5'80, but except
for IRMs data in grey in Fig. A1, maps for §2H and d-excess
are rather similar) indicate strong inter-seasonal variability.
On finds that mostly in regions where cruises were repeated
over many years in a specific season (recent tropical Atlantic
PIRATA cruises in months 3—4, Ovide NASPG cruises close
to month 6, and most recent OISO SW Indian cruises in
months 1-2). Except for the OISO cruises and a few mostly
summer-time sail-boat samples (months 10-3), there are no
data in the SW Indian Ocean (boxes 19, 20). In other areas,
this is more random, and those boxes/seasons with virtually
no data are specifically indicated on the maps (4, 5, 8, 9, 17).
Data density is high (here estimated as within a 25 km ra-
dius) along repeated cruises and where there was a long-time
concerted effort to collect water samples from ships of op-
portunity in the NASPG (SURATLANT project).
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when there are 4 or less 130 data in the season.

Appendix B: Comparison of salinity box averages

We compare the box averages salinity seasonal cycle esti-
mated from the LOCEAN data to climatological monthly
fields of in situ salinity from Reverdin et al. (2007) updated to
1977-2016 and from the satellite-based CCI V4.4 S product
averaged over 2011-2024 (Boutin et al., 2021) (later referred
to as CCI). These two climatologies provide information on
the effect of the limited spatial sampling in the boxes on the
monthly box averages. The results with these two climatolo-
gies that differently span most of the period in which data
were collected are rather similar. In most regions and for a
large part of the seasonal cycle, we find that the spatial stan-
dard deviation of climatological monthly salinity contributes
to a rather large representativeness error with the sampling of
the LOCEAN dataset which exceeds 0.1 on salinity for most
months and regions. The notable exception is in the better
sampled boxes of the North Atlantic subpolar gyre.

For example, in the central Atlantic north-equatorial (5—
12°N) and equatorial (5°N-5°S) domains, the spatial stan-
dard deviation of climatological monthly salinity in the in-
situ climatology varies between 0.2 (north-equatorial in
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months 1-4) to 0.4 (north-equatorial, months 6-11) or
even 0.5 (equatorial, months 10-11-12—-1), and this both for
the in situ and the CCI monthly climatologies. Assuming
random spatial sampling in the current LOCEAN dataset,
this would contribute to a representativeness error which ex-
ceeds 0.1 on salinity for most months.

However, there are other contributions to the standard er-
ror on the monthly averages, as a large proportion of the data
can originate from a single cruise, and all data are not inde-
pendent with respect to interannual, higher frequencies than
monthly or spatial variability within the domain. These all
contribute to the difference of S to the average climatolog-
ical seasonal cycle. In the instance of the North Equatorial
region on Fig. 2 (and other regions too), the LOCEAN S sea-
sonal cycle is more irregular than in the sea surface salinity
climatologies, but the differences are usually smaller than the
lo standard deviation between all the data. They are how-
ever larger than if one assumes that all data are independent
random representation of the mean (thus with a standard er-
ror o/+/n, where o been the standard deviation around the
mean). The compromise we adopt to estimate the standard
error is to use as the number of degrees of freedom rn/2. We
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Figure B1. Comparison of average seasonal cycle in the LOCEAN
dataset (dots with error bars) with two climatologies (curves), the
blue one for 1977-2016 (In situ; Reverdin et al., 2007), and the
black ones being for the CCI V4.4 S for 2010-2023 (Boutin et
al., 2021) (the thick curve for the box averages, and the thin curve
for the average at the positions of the sampling). The standard er-
rors plotted on the LOCEAN monthly averages, are estimated tak-
ing n/2 as the number of degrees of freedom, where 7 is the sample
size.

also propagate that estimate to the other parameters (Wiso-
topes), assuming that what is found for § is a model for the
sampling issues.

Even, with that assumption, we find in regions with irreg-
ular spatial sampling that the differences in S with the two
monthly climatologies are larger than the estimated standard
error (Fig. B1). Part of that is associated with spatial vari-
ability of the poorly sampled mean monthly fields, as seen
for the central equatorial Atlantic region 5°S—-5°N (Fig. 2),
when comparing (Fig. B1) the CCI climatology averaged
spatially over the box (thick black line) with the climatology
sampled at the position of the data points (thin black line).
The thin black line there, but also to a lesser extent for the
north equatorial box (5-12°N) is closer to the monthly data
average, with differences compatible with the standard error
estimates.

In these two boxes, in months with more than 10 data
points and extending that assumption to estimate standard
errors for salinity to the other Wisotopes variables, the esti-
mated standard error is small relative to the amplitude of the
sampled seasonal cycle. For example, for monthly 8'30 val-
ues in the equatorial domain, the estimated standard error
varies between 0.01 %o and 0.10 %o (smallest in March and
largest in the poorly sampled July to September) The esti-
mated standard error is typically 6 times larger for monthly
8%H values and 4 times larger for d-excess values than for
8130 values.

Furthermore, one can also attempt to correct the sampling
bias identified on salinity to the other variables, by assum-
ing that an average linear relationship between salinity and
Wisotopes holds.

Appendix C: BATS seasonal variability

Water samples were collected nearly monthly from 2015
to 2022 at the BATS hydrographic site in the western sub-
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tropical Atlantic — close to (31°50' N, 64°10° W). They were
stored in plastic bottles which were frozen once arriving at
the Bermuda Institute of Ocean Sciences. They were later
unfrozen in Bergen (Norway) and run in three separate days
on a Picarro CRDS L2130. Then, the samples were refrozen,
and were unfrozen again shortly before been shipped to LO-
CEAN, where they were kept unfrozen at 4 °C, before analy-
sis (thus, for some, up to nearly two months).

The BATS data have been validated and flagged as usu-
ally done at LOCEAN, based on anomalous d-excess and
compared to the set analyzed at the Univ. Bergen (referred
to as Bergen, later on). Out of 80 samples, some were
flagged as likely bad when d-excess was deemed too low
(6 for the Bergen set; 15 for the LOCEAN time series) and
some as likely good but suspicious if d-excess as too high
(2 for Bergen, 5 for LOCEAN). Five out of the six likely
bad flagged data in Bergen were also flagged as such in
the LOCEAN set, but not the two Bergen data flagged as
suspicious. The larger number of flagged data at LOCEAN
suggests that the plastic bottles in which the samples were
stored exchanged water molecules with the outside air, after
been unfrozen for shipment to LOCEAN and before analy-
sis. The number of suspicious flags (d-excess deviating by up
to +1 %o from usual) as well as the non-consistency for that
between the two sets is suggestive of some noise in the analy-
ses. In particular, during the LOCEAN daily runs in Decem-
ber 2025/January 2026 there often was a poor reproducibility
of a reference sample in the runs. However, based on repli-
cates, we expect that standard errors on the LOCEAN mea-
surements are usually less than 0.05 %o for §'80.

We also suspect systematic shifts in the Bergen set be-
tween three different days of analysis. We thus adjusted the
Bergen set to the LOCEAN set by comparing unflagged data
separately for each of the three days of analysis in Bergen.
After that, both sets are used to estimate an average seasonal
cycle (Fig. C1). Because of the small sample size (averaging
on the order of 5-6 samples for each calendar month), the
standard errors are large. The two sets of analyses indicate
a rather coherent variability in S, 8180 and 8%H with differ-
ences within standard error bars (a mostly similar cycle is
also found in the Bergen set prior to the adjustment). There
are hints of a seasonal cycle with lowest S in June to Septem-
ber. The summer S minimum is a prominent feature in the
longer BATS time series, although in the 1990-2000 decade,
the minimum occurred in September (Phillips and Joyce,
2007). Figure C1 also shows lower §'80 and §%H in June-
August. Because of the limited sampling and the standard
error bars, the large increase of 8180 and §2H in September,
with no counterpart in S, may not be a representative feature
of an average seasonal cycle. However, it is tempting to as-
sociate it with the beginning of the tropical storm (hurricane)
season in late summer, and possible individual storm/hurri-
cane signatures. Because of the standard error bars in both
analyses, we attribute better confidence in the average of the
two sets of analyses (shown as the thin black line in Fig. C1),
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Figure C1. Monthly-averaged seasonal cycle at BATS of S, §180,
8 2H and d-excess (from top to bottom and left to right, in %o) with
averages for the 2015 to 2022 period and their 1o standard errors
depicted. The two colors correspond to the LOCEAN and Bergen
analyses of the samples, whereas the thin line marks the average of
the two sets. The black stars correspond to the averages for regional
box 9 (Fig. 1) adjusted to the salinity at BATS (top panel left) taking
the slopes of the regression to salinity reported in Table 2.

with overall a variability in Wisotopes nearly following the
spatial relation between S and Wisotopes in this region, ex-
cept for September (box 9 of Table 1). The standard errors
are large on the d-excess monthly averages. However, the av-
erage of the two sets suggests a seasonal cycle with lower
d-excess in months 12 to 5, and higher in months 7 to 10.

On Fig. C1, we also report as stars the CISE-LOCEAN
data averaged in box 9 (to have enough data, months 5 and 6
were grouped, as well as months 10 and 11). These averages
have relatively small standard errors on the order of 0.025 %o,
0.160 %0 and 0.070 %o for §'80, §2H and d-excess respec-
tively. They seem to fit within the error bars to the curves of
the BATS site, suggesting that the site is representative of a
larger area.
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(version V6) are available at https://www.seanoe.org/data/00600/
71186/ (last access: September 2026).

Author contributions. GR initiated the study and prepared the
manuscript with contributions from all coauthors. LG did a first
analysis of the seasonal cycles and quality-controlled the CISE-
LOCEAN data. HCSL contributed the data from the BATS site,
and AV, CW, and HCSL contributed to editing the paper.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Ocean Sci., 22, 3225-3243, 2026

G. Reverdin et al.: Seasonal cycle in surface seawater isotopic composition

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. The LOCEAN isotopic laboratory is sup-
ported by “Observatoire des sciences de 1I’Univers Ecce Terra”
of Sorbonne Université. We are thankful to Catherine Pierre and
Jérdme Demange who have set up and help run the facility,
and for Aicha Naamar, Marion Benetti, Camille Akhoudas, and
Florine Crossin to have measured some of the water samples.
We are grateful for support by INSU, by Claire Lo Monaco and
Nicolas Metzl for sampling during the OISO cruises on RV Mar-
ion Dufresne, and for the sample collection during the French
PIRATA and Ovide repeated cruises. We are also thankful to
SNO SSS (Gaél Alory) and the IRD IMAGO team (Denis Diverres,
Stéphane Jacquin, Linn Sekund), for measuring salinity and pro-
viding some water from salinity samples, as well as to the more
than 100 ship riders on merchant and sailing vessels in the Atlantic
Ocean, as well as during hydrographic cruises who collected sea-
water isotopes samples. We thank the maritime companies EIM-
SKIP and Royal Arctic Line, for having graciously hosted the ship
riders on their vessels, and to have facilitated their work on board.
We thank the National Science Foundation Chemical Oceanography
Program for their continuous support of the BATS time series, most
recently through NSF grants OCE 1756105 and 2241455. We thank
the many technicians, students and research collaborators who have
contributed to the success of the BATS time-series over decades.
IPSL also repeatedly supported the CISE-LOCEAN database col-
lection and its qualification. The surface salinity climatology is
based on 14 years of satellite salinity from product CCI V4.4, and
we thank our colleagues Jacqueline Boutin, Anna Parracho and Fab-
rice Bonjean for their support, and the two referees for their helpful
comments. The paper also benefited from relevant comments by the
two reviewers. The paper also contributes to the efforts of SCOR
working group 171, MASIS.

Financial support. This research has been supported by the
European Space Agency through project 4000123663/18/I-NB
— Sea Surface Salinity_cci, and by the Centre national d’études
spatiales (CNES), France (ROR: https://ror.org/04h1h0y33, last
access: September 2026) within the framework of the SMOS space
mission. National support has also been received through the Centro
de Ciéncias do Mar do Algarve (CCMAR), from FCT - Fun-
dagdo para a Ciéncia e a Tecnologia by contracts UID/04326/2025
(https://doi.org/10.54499/UID/04326/2025), UID/PRR/04326/2025
(https://doi.org/10.54499/UID/PRR/04326/2025)

and LA/P/0101/2020 (https://doi.org/10.54499/LA/P/0101/2020).

Review statement. This paper was edited by Xinping Hu and re-
viewed by two anonymous referees.

https://doi.org/10.5194/0s-22-3225-2026


https://www.seanoe.org/data/00600/71186/
https://www.seanoe.org/data/00600/71186/
https://ror.org/04h1h0y33
https://doi.org/10.54499/UID/04326/2025
https://doi.org/10.54499/UID/PRR/04326/2025
https://doi.org/10.54499/LA/P/0101/2020

G. Reverdin et al.: Seasonal cycle in surface seawater isotopic composition 3241

References

Abram, N. J., Wright, N. M., Ellis, B., Dixon, B. C., Wurtzel,
J. B., England, M. H., Ummenhofer, C. C., Philibosian, B.,
Cahyarani, S. Y., Yu, T.-L., Shen, C.-C., Cheng, H., Ed-
wards, R. L., and Heslop, D.: Coupling of Indo-Pacific cli-
mate variability over the last millennium, Nature, 579, 385-392,
https://doi.org/10.1038/s41586-020-2084-4, 2020.

Akhoudas, C., Sallée, J.-B., Reverdin, G., Haumann, A., Pauthenet,
E., Chapman, C. C., Margirier, F., Lo Monaco, C., Metzl, N.,
Meilland, J., and Stranne, C.: Isotopic evidence for an inten-
sified hydrological cycle in the Indian sector of the Southern
Ocean, Nat. Comm., 14, 2763, https://doi.org/10.1038/s41467-
023-38425-5, 2023.

Alory, G., Delcroix, T., Téchiné, P., Diverres, D., Varillon, D., Cra-
vatte, S., Gouriou, Y., Grelet, J., Jacquin, S., Kestenare, E., Maes,
C., Morrow, R. M., Perrier, J., Reverdin, G., and Roubaud, F.:
The French contribution to the Voluntary Observing Ships Net-
work of Sea Surface Salinity, Deep-Sea Res. Pt. I, 105, 1-18,
https://doi.org/10.1016/j.DSR.2015.08.005, 2015.

Aoki, S., Yamazaki, K., Hirano, D., Nomura, D., and Murase,
H.: Distribution of stable oxygen isotope in seawater and im-
plication on freshwater cycle off the coast from Wilkes to
George V Land, East Antarctica, Prog. Oceanogr., 217, 103101,
https://doi.org/10.1016/j.pocean.2023.103101, 2023.

Atwood, A. R., Moore, A. L., DeLong, K. L., Long, S. E., Sanchez,
S. C., Hargreaves, J. A., Morris, C. A., Pauly, R. E., Dassié, E.
P, Felis, T., Voelker, A. H. L., Murty, S. A., and Cobb, K. M.:
The PAGES CoralHydro2k Seawater §'80 Database: a FAIR-
aligned compilation of seawater 8180 data to uncover “hidden”
insights from the global ocean, Earth Syst. Sci. Data, 18, 1921
1941, https://doi.org/10.5194/essd-18-1921-2026, 2026.

Atwood, A. R., Moore, A. L., Long, S., Pauly, R., DeLong,
K., Wagner, A., and Hargreaves, J. A.: The CoralHydro2k
Seawater §130 Database, Past Global Changes Mag., 32, 59,
https://doi.org/10.22498/pages.32.1.59, 2025.

Ayache, M., Dutay, J.-C., Mouchet, A., Tachikawa, K., Risi,
C., and Ramstein, G.: Modelling the water isotope distri-
bution in the Mediterranean using a high-resolution oceanic
model (NEMO-MEDI12-watiso v1.0): evaluation of model re-
sults against in situ observations, Geosci. Mod. Dev., 17, 6627—
6655, https://doi.org/10.5194/gmd-17-6627-2024, 2024.

Benetti, M., Reverdin, G., Pierre, C., Merlivat, L., Risi, C., Steen-
Larsen, H. C., and Vimeux, F.: Deuterium excess in marine wa-
ter vapor: dependency on relative humidity and surface wind
speed during evaporation, J. Geophys. Res.-Atmos., 119, 584—
593, https://doi.org/10.1002/2013JD020535, 2014.

Benetti, M., Reverdin, G., Pierre, C., Khatiwala, S., Tournadre, B.,
Olafsdottir, S., and Naamar, A.: Variability of sea ice melt and
meteoric water input in the surface Labrador Current off New-
foundland, J. Geophys. Res.-Oceans, 121, 2841-2855, 2016.

Benetti, M., Reverdin, G., Aloisi, G., and Sveinbjornsdot-
tir, A.: Stable isotopes in surface waters of the Atlantic
Ocean: indicators of ocean-atmosphere water fluxes and
oceanic mixing processes, J. Geophys. Res.-Oceans, 122,
https://doi.org/10.1002/2017JC012712, 2017a.

Benetti, M., Sveinbjornsdéttir, A. E., Olafsdéttir, R., Leng, M.
J., Arrowsmith, C., Debondt, K., Fripiat, F., and Aloisi,
G.: Inter-comparison of salt effect correction for § 180 and
82H measurements in seawater by CRDS and IRMS using

https://doi.org/10.5194/0s-22-3225-2026

the gas-H,O equilibration method, Mar. Chem., 194, 114-123,
https://doi.org/10.1016/j.marchem.2017.05.010, 2017b.

Benway, H. M. and Mix, A. C.: Oxygen isotopes, upper-
ocean salinity, and precipitation sources in the eastern
tropical Pacific, Earth Planet. Sc. Lett., 224, 493-507,
https://doi.org/10.1016/j.epsl.2004.05.014, 2004.

Bingham, F. M., Howden, S. D., and Koblinsky, C. J.: Sea sur-
face salinity measurements in the historical database, J. Geophys.
Res.-Oceans, 107, https://doi.org/10.1029/2000JC000767, 2002.

Boutin, J, Chao, Y., Asher, W. E., Delcroix, T., Drucker, R.,
Drushka, K., Kolodziejczyk, N., Lee, T., Reul, N., Reverdin,
G., Schanze, J., Soloviev, A., Yu, L., Anderson, J., Brucker,
L., Dinnat, E., W. L. Jones, W. L., Lagerloef, G., Maes, C.,
Meissner, T., Santos-Garcia, A., Tang, W., Vinogradova, N., and
Ward, B.: Satellite and In Situ Salinity: Understanding Near-
Surface Stratification and Subfootprint Variability, B. Am. Me-
teorol. Soc., 97, 1391-1407, https://doi.org/10.1175/BAMS-D-
15-00032.1, 2016.

Boutin, J., Reul, N., Koehler, J., Martin, A., Catany, R., Guimbard,
S., Rouffi, F,, Vergely, J. L., Arias, M., Chakroun, M., Corato,
G., Estella-Perez, V., Hasson, A., Josey, S., Khvorostyanov,
D., Kolodziejczyk, N., Mignot, J., Olivier, L., Reverdin, G.,
Stammer, D., Supply, A., Thouvenin-Masson, C., Turiel, A.,
Vialard, J., Cipollini, P., Donlon, C., Sabia, R., and Meck-
lenburg, S.: Satellite-Based Sea Surface Salinity Designed for
Ocean and Climate Studies, J. Geophys. Res. Oceans, 126, 11,
https://doi.org/10.1029/2021JC017676, 2021.

Brady, E., Stevenson, S., Bailey, D., Liu, Z., Noone, D., Nusbaumer,
J., Otto-Bliesner, B. L., Tabor, C., Thomas, R., Wong, T., Zhang,
J., and Zhu, J.: The connected isotopic water cycle in the Com-
munity Earth System Model Version 1, J. Adv. Model. Earth
Syst., 11, 8, https://doi.org/10.1029/2019MS001663, 2019.

Cauquoin, A., Werner, M., and Lohmann, G.: Water isotopes—
climate relationships for the mid-holocene and preindustrial pe-
riod simulated with an isotope-enabled version of MPI-ESM,
Clim. Past, 15, 1913-1937, https://doi.org/10.5194/cp-15-1913-
2019, 2019.

Conroy, J. L., Cobb, K. M., Lynch-Stieglitz, J., and Polissar, P.
J.: Constraints on the salinity-oxygen isotope relationship in
the central tropical Pacific Ocean, Mar. Chem., 161, 26-33,
https://doi.org/10.1016/j.marchem.2014.02.001, 2014.

Conroy, J. L., Thompson, D. M., Cobb, K. M., Noone, D.,
Rea, S., and LeGrande, A. N.: Spatiotemporal variabil-
ity in the BlgO-salinity relationship of seawater across
the tropical Pacific, Paleoceanography, 32, 484-497,
https://doi.org/10.1002/2016PA003073, 2017.

Craig, H. C. and Gordon, L. I.: Deuterium and oxygen 18 variations
in the ocean and the marine atmosphere, in: Stable Isotopes in
Oceanographic Studies and Paleotemperatures, edited by: Ton-
giorgi, E., Cons. Naz. di Rech., Spoleto, Italy, 9-130, 1965.

Da-Allada, C. Y., Alory, G., du Penhoat, Y., Kestenare, E.,
Durand, F., and Hounkonnou, N. M.: Seasonal mixed-layer
salinity balance in the tropical Atlantic Ocean: mean state
and seasonal cycle, J. Geophys. Res.-Oceans, 118, 332-345,
https://doi.org/10.1029/2012JC008357, 2013.

Dassié, E. P., Hasson, A., Khodri, M., Lebas, N., and Linsley, B.
K.: Spatiotemporal variability in the South Pacific convergence
zone fresh pool eastern front from coral-derived surface salinity

Ocean Sci., 22, 3225-3243, 2026


https://doi.org/10.1038/s41586-020-2084-4
https://doi.org/10.1038/s41467-023-38425-5
https://doi.org/10.1038/s41467-023-38425-5
https://doi.org/10.1016/j.DSR.2015.08.005
https://doi.org/10.1016/j.pocean.2023.103101
https://doi.org/10.5194/essd-18-1921-2026
https://doi.org/10.22498/pages.32.1.59
https://doi.org/10.5194/gmd-17-6627-2024
https://doi.org/10.1002/2013JD020535
https://doi.org/10.1002/2017JC012712
https://doi.org/10.1016/j.marchem.2017.05.010
https://doi.org/10.1016/j.epsl.2004.05.014
https://doi.org/10.1029/2000JC000767
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1029/2021JC017676
https://doi.org/10.1029/2019MS001663
https://doi.org/10.5194/cp-15-1913-2019
https://doi.org/10.5194/cp-15-1913-2019
https://doi.org/10.1016/j.marchem.2014.02.001
https://doi.org/10.1002/2016PA003073
https://doi.org/10.1029/2012JC008357

3242 G. Reverdin et al.: Seasonal cycle in surface seawater isotopic composition

data, J. Climate, 31, 3265-3288, https://doi.org/10.1175/jcli-d-
17-0071.1, 2018.

Delaygue, G., Jouzel, J., and Dutay, J.-C.: Oxygen 18-salinity re-
lationship simulated by an oceanic general circulation model,
Earth Planet. Sc. Lett., 178, 113-123, 2000.

Dissard, D., Reichart, G. J., Menkes, C., Mangeas, M., Frickenhaus,
S., and Bijma, J.: Mg/Ca, Sr/Ca and stable isotopes from the
planktonic foraminifera 7. sacculifer: testing a multi-proxy ap-
proach for inferring paleotemperature and paleosalinity, Biogeo-
sciences, 18, 423-439, https://doi.org/10.5194/bg-18-423-2021,
2021.

Dong, B., Kumar, R., Shirai, K., Drysdale, R. N., and Prendergast,
A. L.: Advances in giant clam (Tridacnidae spp.) sclerochronol-
ogy and sclerochemistry as a high-resolution palaeoenvironmen-
tal archive, Palacogeogr. Palaeocl. Palaeoecol., 661, 112576,
https://doi.org/10.1016/j.palae0.2024.112576, 2025.

Frew, R. D., Dennis, P. F, Heywood, K. J., Meredith, M. P., and
Boswell, S. M.: The oxygen isotope composition of water masses
in the northern North Atlantic, Deep-Sea Res. Pt. I, 47, 2265—
2286, 2000.

Glaubke, R. H., Wagner, A., and Sikes, E. L.: Charac-
terizing the stable oxygen isotopic composition of the
southeast Indian Ocean, Mar. Chem., 262, 177-185,
https://doi.org/10.1016/j.marchem.2024.104397, 2024.

Hennig, A. N., Mucciarone, D. A., Jacobs, S. S., Mortlock, R.
A., and Dunbar, R. B.: Meteoric water and glacial melt in the
southeastern Amundsen Sea: a time series from 1994 to 2020,
The Cryosphere, 18, 791-818, https://doi.org/10.5194/tc-18-
791-2024, 2024.

Hilaire-Marcel, C., Kim, S. T., Landais, A., Ghosh, P., Assonov, S.,
Lécuyer, C., Blanchard, M., Meijer, H. A., and Steen-Larsen, H.
C.: A stable isotope toolbox for water and inorganic carbon cycle
studies, Na. Rev. Earth Environ., 2, 699-719, 2021.

Horikawa, K., Kodaira, T., Zhang, J., and Obata, H.: Salinity-
oxygen isotope relationship during an El Nifo (2014—
2015) in the southwestern Pacific and comparisons with
GEOSECS data (La Nina, 1973-1974), J. Mar. Chem., 249,
https://doi.org/10.1016/j.marchem.2023.104222, 2023.

Hurrell, J. W., Kushnir, Y., Ottersen, G., and Visbeck, M.: An
overview of the North Atlantic Oscillation, edited by: Hurrell, J.
W., Kushnir, Y., Ottersen, G., and Visbeck, M., Geophys. Monog.
Ser. 134, 35 pp, https://doi.org/10.1029/134GMO1, 2005.

Konecky, B. L., McKay, N. P., Churakova (Sidorova), O. V., Comas-
Bru, L., Dassié, E. P, DeLong, K. L., Falster, G. M., Fischer, M.
J., Jones, M. D, Jonkers, L., Kaufman, D. S., Leduc, G., Mana-
gave, S. R., Martrat, B., Opel, T., Orsi, A. J., Partin, J. W., Sayani,
H. R., Thomas, E. K., Thompson, D. M., Tyler, J. J., Abram,
N. J., Atwood, A. R., Cartapanis, O., Conroy, J. L., Curran, M.
A., Dee, S. G., Deininger, M., Divine, D. V., Kern, Z., Porter,
T. J., Stevenson, S. L., von Gunten, L., and Iso2k Project Mem-
bers: The Iso2k database: a global compilation of paleo—(SlSO and
82H records to aid understanding of Common Era climate, Earth
Syst. Sci. Data, 12, 2261-2288, https://doi.org/10.5194/essd-12-
2261-2020, 2020.

Konecky, B. L., McKay, N. P, Flaster, G. M., Stevenson, S. L.,
Fischer, M. J., Atwood, A. T., Thompson, D. M., Jones, M.
D., Tyler, J. J., DeLong, K. L., Martrat, B., Thomas, E. K.,
Conroy, J. L., Dee, S. G., Jonkers, L., Churakova, O. V., Kern,
Zoltan, Opel, T., Porter, T. J., Sayani, H. R., and Skrzypek, G.:

Ocean Sci., 22, 3225-3243, 2026

Globally coherent water cycle response to temperature change
during the past two millenia, Nat. Geosci., 16, 997-1004,
https://doi.org/10.1038/s41561-023-01291-3, 2023.

Leduc, G., Sachs, J. P.,, Kawka, O. E., and Schneider, R. R.:
Holocene changes in eastern equatorial Atlantic salinity as esti-
mated by water isotopologues, Earth Planet. Sc. Lett., 362, 151—
162, https://doi.org/10.1016/j.epsl.2012.12.003, 2013.

LeGrande, A. N. and Schmidt, G. A.: Global gridded data set of the
oxygen isotopic composition in seawater, Geophys. Res. Lett.,
33, https://doi.org/10.1029/2006g1026011, 2006.

Mulitza, S., Boltovskoy, D., Donner, B., Meggers, H., Paul,
A., and Wefer, G.: Temperature: §180 relationships of plank-
tonic foraminifera collected from surface water, Palaeo-
geogr. Palaeocl., 202, 143-152, https://doi.org/10.1016/S0031-
0182(03)00633-3, 2003.

O’Connor, G. K., Cobb, K. M., Sayani, H. R., Atwood, A.
R., Grothe, P. R., Stevenson, S., Baum, J. K., Chen, T,
Claar, D. C., Hitt, N. T., Lynch-Stieglitz, J., Mortlock, R.
A., Schmidt, G. A., and Walter, R: Coral oxygen isotopic
records capture the 2015-2016 El Nifio Event in the central
Equatorial Pacific, Geophys. Res. Lett., 48, €2021GL094036,
https://doi.org/10.1029/2021GL094036, 2021.

Oppo, D. W., Schmidt, G. A., and LeGrande, A. N.: Sea-
water isotope constraints on tropical hydrology dur-
ing the Holocene, Geophys. Res. Lett.,, 34, L13701,
https://doi.org/10.1029/2007GL030017, 2007.

Phillips, H. E. and Joyce, T. M.: Bermuda’s tale of two time se-
ries: Hydrostation S and BATS, J. Phys. Oceanogr., 37, 554-571,
https://doi.org/10.1175/JP02997.1, 2007.

Rebotim, A., Voelker, A. H. L., Jonkers, L., Waniek, J. J.,
Schulz, M., and Kucera, M.: Calcification depth of deep-
dwelling planktonic foraminifera from the eastern North At-
lantic constrained by stable oxygen isotope ratios of shells
from stratified plankton tows, J. Micropalaeontol., 38, 113-131,
https://doi.org/10.5194/jm-38-113-2019, 2019.

Reverdin, G., Kestenare, E., Frankignoul, C., and Delcroix, T.:
In situ surface salinity in the tropical and subtropical Atlantic
Ocean. Part 1. Large scale variability, Prog. Oceanogr., 73, 311—
340, https://doi.org/10.1016/j.pocean.2006.11.004, 2007.

Reverdin, G., Metzl, N., Olafsdottir, S., Racapé, V., Takahashi, T.,
Benetti, M., Valdimarsson, H., Benoit-Cattin, A., Danielsen, M.,
Fin, J., Naamar, A., Pierrot, D., Sullivan, K., Bringas, F., and
Goni, G., SURATLANT: a 1993-2017 surface sampling in the
central part of the North Atlantic subpolar gyre, Earth Syst.
Sci. Data, 10, 1901-1924, https://doi.org/10.5194/essd-10-1901-
2018, 2018.

Reverdin, G., Waelbroeck, C., Pierre, C., Akhoudas, C., Aloisi, G.,
Benetti, M., Bourles, B., Danielsen, M., Demange, J., Diverres,
D., Gascard, J.-C., Houssais, M.-N., Le Goff, H., Lherminier,
P., Lo Monaco, C., Mercier, H., Metzl, N., Morisset, S., Naa-
mar, A., Reynaud, T., Sallée, J.-B., Thierry, V., Hartman, S. E.,
Mawji, E. W., Olafsdottir, S., Kanzow, T., Velo, A., Voelker,
A., Yashayaev, 1., Haumann, F. A., Leng, M. J., Arrowsmith,
C., and Meredith, M.: The CISE-LOCEAN seawater isotopic
database (1998-2021), Earth Syst. Sci. Data, 14, 2721-2735,
https://doi.org/10.5194/essd-14-2721-2022, 2022.

Reverdin, G., Waelbroeck, C., Voelker, A. H., and Meyer, G.:
Technical note: Large offsets between different datasets of
seawater isotopic composition: an illustration of the need to

https://doi.org/10.5194/0s-22-3225-2026


https://doi.org/10.1175/jcli-d-17-0071.1
https://doi.org/10.1175/jcli-d-17-0071.1
https://doi.org/10.5194/bg-18-423-2021
https://doi.org/10.1016/j.palaeo.2024.112576
https://doi.org/10.1016/j.marchem.2024.104397
https://doi.org/10.5194/tc-18-791-2024
https://doi.org/10.5194/tc-18-791-2024
https://doi.org/10.1016/j.marchem.2023.104222
https://doi.org/10.1029/134GM01
https://doi.org/10.5194/essd-12-2261-2020
https://doi.org/10.5194/essd-12-2261-2020
https://doi.org/10.1038/s41561-023-01291-3
https://doi.org/10.1016/j.epsl.2012.12.003
https://doi.org/10.1029/2006gl026011
https://doi.org/10.1016/S0031-0182(03)00633-3
https://doi.org/10.1016/S0031-0182(03)00633-3
https://doi.org/10.1029/2021GL094036
https://doi.org/10.1029/2007GL030017
https://doi.org/10.1175/JPO2997.1
https://doi.org/10.5194/jm-38-113-2019
https://doi.org/10.1016/j.pocean.2006.11.004
https://doi.org/10.5194/essd-10-1901-2018
https://doi.org/10.5194/essd-10-1901-2018
https://doi.org/10.5194/essd-14-2721-2022

G. Reverdin et al.: Seasonal cycle in surface seawater isotopic composition 3243

reinforce intercalibration efforts, Ocean Sci., 21, 567-575,
https://doi.org/10.5194/0s-21-567-2025, 2025.

Roche, D. M. and Caley, T.: § 180 water isotope in the iLOVECLIM
model (version 1.0) — Part 2: Evaluation of model results against
observed §180 in water samples, Geosci. Model Dev., 6, 1493—
1504, https://doi.org/10.5194/gmd-6-1493-2013, 2013.

Salgueiro, E., Voelker, A. H. L., Martin, P. A., Rodrigues,
T., Zdhiga, D., Frojdn, M., de la Granda, F., Villacieros-
Robineau, N., Alonso-Pérez, F., Alberto, A., Rebotim, A.,
Gonzélez—Alvarez, R., Castro, C. G., and Abrantes, F.:
8180 and Mg/Ca Thermometry in Planktonic Foraminifera:
A Multiproxy Approach Toward Tracing Coastal Upwelling
Dynamics, Paleoceanogr. Paleocl., 35, e2019PA003726,
https://doi.org/10.1029/2019PA003726, 2020.

Scheful3, E., Schouten, S., and Schneider, R. R.: Climatic con-
trols on central African hydrology during the past 20,000 years,
Nature, 437, 1003-1006, https://doi.org/10.1038/nature03945,
2005.

Schmidt, G. A., LeGrande, A. N., and Hoffmann, G.: Water iso-
tope expressions of intrinsic and forced variability in a cou-
pled ocean-atmosphere model, J. Geophys. Res., 112, D10103,
https://doi.org/10.1029/2006jd007781, 2007.

Schouten, S., Ossebaar, J., Schreiber, K., Kienhuis, M. V. M.,
Langer, G., Benthien, A., and Bijma, J.: The effect of temper-
ature, salinity and growth rate on the stable hydrogen isotopic
composition of long chain alkenones produced by Emiliania hux-
leyi and Gephyrocapsa oceanica, Biogeosciences, 3, 113-119,
https://doi.org/10.5194/bg-3-113-2006, 2006.

https://doi.org/10.5194/0s-22-3225-2026

Souchez, R., Tison, J.-L., and Jouzel, J.: Deuterium concentation
and growth rate of Antarctic first-year ice, Geophys. Res. Lett.,
15, 1385-1388, https://doi.org/10.1029/GL015i012p01385,
1988.

Steen-Larsen, H. C. and Zannoni, D.: A versatile water vapor
generation module for vapor isotope calibration and liquid
isotope measurements, Atmos. Meas. Tech., 17, 4391-4409,
https://doi.org/10.5194/amt-17-4391-2024, 2024.

Thompson, D. M., Conroy, J. L., Konecky, B. L., Steven-
son, S., DeLong, K. L., McKay, N., Reed, E., Jonkers, L.,
and Carré, M.: Ientifying hydro-sensitive coral 180 records
for improving high-resolution temperature and salinity re-
construction, Geophys. Res. Lett., 49, e2021GL096153,
https://doi.org/10.1029/2021GL096153, 2022.

Voelker, A., Colman, A., Olack, G., Waniek, J. J., and Hodell,
D.: Oxygen and hydrogen isotope signatures of Northeast
Atlantic water masses, Deep-Sea Res. Pt. II, 116, 89-106,
https://doi.org/10.1016/j.dsr2.2014.11.006, 2015.

Wilke, 1., Meggers, H., and Bickert, T.: Depth habitats and seasonal
distributions of recent planktic foraminifers in the Canary Islands
region (29° N) based on oxygen isotopes, Deep-Sea Res. Pt. I, 56,
89-106, https://doi.org/10.1016/j.dsr.2008.08.001, 2009.

Yu, L., Bingham, F. M., Dinnat, E. P., Fournier, S., Melnichenko,
0., Tang, W., and Yueh, S. H.: Revisiting the global patterns of
seasonal cycle in sea surface salinity, J. Geophys. Res.-Oceans,
126, https://doi.org/10.1029/2020JC016789, 2021.

Ocean Sci., 22, 3225-3243, 2026


https://doi.org/10.5194/os-21-567-2025
https://doi.org/10.5194/gmd-6-1493-2013
https://doi.org/10.1029/2019PA003726
https://doi.org/10.1038/nature03945
https://doi.org/10.1029/2006jd007781
https://doi.org/10.5194/bg-3-113-2006
https://doi.org/10.1029/GL015i012p01385
https://doi.org/10.5194/amt-17-4391-2024
https://doi.org/10.1029/2021GL096153
https://doi.org/10.1016/j.dsr2.2014.11.006
https://doi.org/10.1016/j.dsr.2008.08.001
https://doi.org/10.1029/2020JC016789

	Abstract
	Introduction
	Data and methods
	Data
	Methods

	Results
	Annual-averaged linear regressions
	Seasonal linear regressions in well-sampled regional boxes (NASPG)
	Seasonal linear regressions in larger regions
	Monthly time series

	Discussion
	Annual-averaged linear regressions
	Seasonal linear regressions
	Monthly time series

	Conclusions
	Appendix A: Seasonal data distributions
	Appendix B: Comparison of salinity box averages
	Appendix C: BATS seasonal variability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

