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Uncertainties surround the relationship between salinity and the stable isotopic composition of seawater, largely
due to a dearth of modern seawater isotope data. Here we report 191 new, paired measurements of salinity and
seawater oxygen isotopes (!18Osw) taken from the central tropical Paci!c in May 2012, from the surface to 4600
m depth. We observe signi!cant correlations between !18Osw and salinity across the study region, with slopes
ranging from 0.23 to 0.31‰/psu for the mixed layer, and 0.35–0.42‰/psu for waters between the mixed layer
and 500 m depth. When considering !18Osw–salinity across averages of individual water masses in the region,
slopes range from0.21 to 0.40‰/psu, albeitwith appreciable scatter. Surface salinity and !18Osw data correspond-
ing to the North Equatorial Countercurrent are signi!cantly higher than previously observed, whichwe attribute
to a weak westerly current and dry conditions in the region during theMay 2012 cruise. Subsurface (80–500 m)
salinity values from 2012 are signi!cantly lower than corresponding values from pre-existing regional data,
highlighting a different latitudinal sampling distribution, while subsurface !18Osw is not signi!cantly different.
Thus, inMay 2012, !18Osw in this region could not be used to distinguish between subsurfacewatermasses of dif-
ferent salinities. Unlike other regions where the surface ‘freshwater endmember’ is close to the !18O value of re-
gional precipitation, the freshwater endmember implied by our dataset (!10.38‰) is consistent with a strong
evaporative in"uence. Paired !18O–!D values of precipitation and surface seawaters have similar slopes (5.0,
5.1), and relatively low intercepts (1.4, 0.8) indicating isotopic variability in both reservoirs is also partly con-
trolled by evaporation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Variations in tropical Paci!c Ocean temperature and atmospheric
circulation have large-scale impacts on global climate. As such, it is
important to quantify tropical Paci!c ocean–atmosphere variability
across a range of timescales, through the generation and analysis of
paleoclimate proxy records from this region. Many of the most impor-
tant records of past climate variability from the tropical Paci!c are
based on proxies linked to the stable isotopic composition of seawater.
In particular, carbonate records of !18O derived from fossil corals and
marinemicrofossils are key indicators of past changes in ocean temper-
ature and salinity (e.g., Dunbar et al., 1994; Cole et al., 2000; Gagan et al.,
2000; Lea et al., 2000; Tudhope et al., 2001; Koutavas et al., 2002; Stott
et al., 2002; Cobb et al., 2003; Correge, 2006; Oppo et al., 2009;
Thompson et al., 2011; Koutavas and Joanides, 2012; Cobb et al., 2013;
Leech et al., 2013; McGregor et al., 2013). Given that both temperature

and the !18O value of seawater (!18Osw) contribute to carbonate !18O
variability, independent constraints on temperature derived from
Mg/Ca in foraminifera (Nurnberg et al., 1996; Lea et al., 1999; Elder!eld
and Ganssen, 2000) or Sr/Ca in corals (Alibert and McCulloch, 1997;
Beck et al., 1997; Gagan et al., 1998; Nurhati et al., 2009; Nurhati et al.,
2011) allow for the explicit reconstruction of !18Osw variability. Such es-
timatesmayprovide information about past salinity, given the strong em-
pirical relationship between the !18Osw and salinity (Craig and Gordon,
1965b; Fairbanks et al., 1997).

!18Osw variability is often interpreted in the context of hydroclimate
variability as evaporation and precipitation affect both !18Osw and salin-
ity (Fairbanks et al., 1997; LeGrande and Schmidt, 2006). However, re-
cent work on the tropical Paci!c salinity budget indicates that changes
in salinity are controlled by a combination of surface forcing, advection,
and vertical mixing (Hasson et al., 2013). The relative importance of
each of these terms in shaping the spatiotemporal variability of !18Osw

remains uncertain. These factors, as well as the extra degree of freedom
provided by the stable isotopic composition of precipitation may drive
variability !18Osw–salinity relationship. Model simulations have already
highlighted the !18Osw–salinity relationship likely varies temporally
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(Schmidt, 1999; Oppo et al., 2007; Schmidt et al., 2007; LeGrande and
Schmidt, 2011), yet how the real world !18Osw–salinity relationship
varies on different timescales remains unknown. How well available
!18Osw–salinity data approximate mean !18Osw–salinity conditions is
also unclear, given that short, episodic seawater !18O sampling efforts
likely alias substantial seasonal and interannual variability (Abe et al.,
2009).

Currently, there is a dearth of !18Osw data from the tropical Paci!c,
which hinders our understanding of these potential complexities of
the !18Osw–salinity relationship. Here we present 191 new, paired
salinity–!18Osw values sampled in the central tropical Paci!c in May
2012. These new data more than double the number of stable isotope
observations in the central tropical Paci!c, and more than triple the
number of observations from the subsurface and deep ocean of this re-
gion. Although we are adding substantially to the !18Osw database with
these newdata, our newdataset still represents only threeweeks, and is
thus subject to the temporal biases inherent inmost !18Osw data, which
tend to be collected over short periods of time.Wepresent the newdata
in the subsequent sections, investigate the !18Osw–salinity relationship
across different depths andwatermasses, and compare the new dataset
to previous observations from the region.

2. Materials and methodology

Seawater and rain samples for water isotope analysis (N = 177,
N = 6) were taken from May 2 to May 23, 2012, during cruise
MGL08-12 to the Line Islands Ridge. The sampling range encompasses
!0.22°S to 20.8°N, 161.5°W–156.0°W, with the majority of samples
from south of 10°N (Fig. 1). Additional surface seawater (N = 14) and
daily rain samples (N = 10) were taken at Kiritimati during a land-
based !eld expedition from May 16 to May 30, 2012. Shipboard and
island rain samples were collected daily in a separatory funnel !lled
with a layer of mineral oil to prevent evaporation. Cruise seawater sam-
ples were taken from an uncontaminated seawater intake line ~3 m
below the surface and from 10-liter niskin bottles attached to a 24-
position rosette. The cruise salinity values are derived from a SBE-21
SEACAT Thermosalinigraph installed in the seawater intake line, and
an SBE 9/11plus V5.1 g CTD attached to the 24-position rosette. Salinity
samples from Kiritimati were collected in 60 mL amberglass bottles
simultaneously with seawater samples for isotope analysis, and were
measured with a Mettler Toledo conductivity meter (±0.2 psu preci-
sion), maintaining a constant sample temperature of 25 °C in a dry
bead heat block.

Stable isotope samples were sealed in 3.5 ml crimp-top vials
with butyl rubber stoppers and aluminum seals. Both seawater and pre-
cipitation !18O and !D values were measured at Georgia Institute of
Technology on a Picarro L1102-I water isotope analyzer. Samples were
calibrated using three internal water standards (!18O !16.49, !4.84,
0.93‰, !D !98.3‰, !27.5‰, !27.0‰) analyzed at the beginning

and end of each 45-sample run (Moerman et al., 2013). These internal
standards, are calibrated against NIST-VSMOW, NIST-GISP, and NIST-
SLAP. Instrument driftwas assessedwith an internal standardmeasured
after every ninth sample. Each rainwater sample was measured three
times. Coef!cients that correct for instrument memory of the previous
sample were applied to the rainwater data after measurement. For sea-
water samples, changes in memory with the addition of salts to the in-
strument precluded using memory coef!cients. Instead, we measured
each sample six times and averaged the last three values for each sam-
ple. Long-term instrument reproducibility is ±0.1‰ for !18O and
±0.8‰ for !D (1"). Data are reported as ‰ VSMOW. All seawater
data will be archived on the Goddard Institute for Space Studies
(GISS) global seawater oxygen-18 database (http://data.giss.nasa.gov/
o18data/) (Schmidt et al., 1999), and all precipitation isotope data will
be archived on the Global Network of Isotopes in Precipitation (GNIP)
database (IAEA/WMO, 2006).

!18Osw and salinity values from May 2012 water samples are com-
pared to 78 paired !18Osw and salinity values archived in the GISS global
seawater oxygen-18 database (Schmidt et al., 1999). These data are
from 5°S–20°N, 175°W–140°W, a region that expands beyond, but is
centered on, the area in which the new data were collected. Central
tropical Paci!c !18Osw and salinity values include data from January–
February 1991 (N = 60) (Laube-Le'Enfant, 1996), data of unknown
month and year (N = 12) from the mid 20th century (Epstein and
Mayeda, 1953; Craig and Gordon, 1965a), and November–December
1973 data (N = 6) from the Geochemical Open Sections Study
(GEOSECS) database (Ostlund et al., 1987). This combined dataset is bi-
ased toward January and February 1991, as the majority of the data
come from Laube-Le'Enfant (1996). Daily precipitation stable isotope
values are compared to monthly !18O and !D values (N = 23, 1962–
1964) from Kiritimati available from GNIP (IAEA/WMO, 2006).

3. Results and discussion

3.1. Paired !18Osw and salinity observations

Ninety-!ve seawater samples are from the surface mixed layer, esti-
mated at 75m fromCTD casts between the equator and 10°N.May 2012
surface, mixed layer !18Osw values range from 0.22 to 0.68‰ (Figs. 1, 2)
with a mean of 0.47 ± 0.12‰ (1" standard deviation). As apparent in
Fig. 2, the mean surface !18Osw value from off the coast of Kiritimati
(0.38 ± 0.07‰) is slightly fresher than the mean !18Osw value from
the open ocean at nearby latitudes (0.56 ± 0.08‰). This may be due
to submonthly variability — Kiritimati experienced more precipitation
from May 15–May 30 relative to earlier in the month when the cruise
samples were taken. Or, potential groundwater "ux may be driving
lower salinity and !18Osw values near the island shore. Given this poten-
tial bias,we exclude theKiritimati seawatermeasurements from regres-
sion analyses.

GISS 
database

2012

T
em

pe
ra

tu
re

 (
°C

)

S
al

in
ity

 (
ps

u)

!18
O

 (
‰

 V
S

M
O

W
)

Latitude (°N) Latitude (°N) Latitude (°N)

34

34.2

34.4

34.6

34.8

35

35.2

35.4

35.6

-5 0 5 10 15 20 25
24

25

26

27

28

29

-5 0 5 10 15 20 25

0.2

0.3

0.4

0.5

0.6

0.7

-5 0 5 10 15 20 25

Fig. 1. Seawater temperature (left), salinity (middle), and !18Oswvalues (right) versus latitude for theMay 2012 central tropical Paci!c dataset (open circles) andprevious data from region
archived in GISS database (squares). Dashed lines, from south to north indicate SEC, NECC, and NEC regions.

27J.L. Conroy et al. / Marine Chemistry 161 (2014) 26–33

http://data.giss.nasa.gov/o18data/
http://data.giss.nasa.gov/o18data/


Fifty-!ve seawater isotope samples are from the subsurface
(75–500 m), and 41 seawater isotope samples are from the deep
ocean (N800 m). Subsurface !18Osw values have a larger range, from
0.02 to 0.72‰, with a mean of 0.35 ± 0.15‰ (Figs. 3, 4). The highest
!18Osw values in the dataset occur in the subsurface near the equator
at 100 m depth. Paci!c Deep Water (PDW) !18Osw values from 800 to
4600 m depth are the lowest of the dataset, ranging from !0.28 to
0.18‰ with a mean of !0.01 ± 0.11‰.

There is a signi!cant relationship between salinity and !18Osw values
across the May 2012 dataset. In order to reduce analytical and environ-
mental noise, we present the raw data averaged into 0.05 psu salinity
bins in Fig. 4. In the mixed layer, salinity and !18Osw are strongly corre-
lated, with a linear !18Osw–salinity relationship de!ned by a slope of
0.31‰/psu (0.22 to 0.40, 2") and an intercept of !10.38‰ (!13.43
to !7.33‰, 2"). The !18Osw–salinity relationship in the subsurface,
with a slope of 0.42‰/psu (0.34 to 0.50, 2") and intercept of
!14.24‰ (!17.17 to !11.31‰, 2"), is not signi!cantly different
than the surface !18Osw–salinity relationship; much of the data from
the surface and subsurface overlap (Fig. 4). PDW is de!ned by fewer
binned datapoints, as salinity is more uniform, only spanning 0.3 psu
at these depths; there is no signi!cant relationship between !18Osw

and salinity below 500 m.

3.2. Temporal variability: May 2012 versus previous data

Previous !18Osw–salinity values from the central tropical Paci!c
come from different years and months. However, these data, which
may have seasonal, interannual, or decadal biases, represent our best es-
timation of themean !18Osw–salinity relationship across a large, ocean-
ographically complex region. In the following sections, we compare the
May 2012 !18Osw and salinity values to the previous central tropical Pa-
ci!c !18Osw–salinity data, which are biased toward January–February
1991.Wenote that theremay also be an interannual aswell as a season-
al bias in the data. NINO3.4 for May 2012 was 0.05 °C— near neutral. In
January–February 1991, the average NINO3.4 value was 0.45 °C (Smith
et al., 2008).

3.3. Surface !18Osw and salinity

AWilcoxon rank-sum test indicates that medianmixed layer !18Osw

and salinity values from earlier data (0.44‰, 35.20 psu) and 2012
(0.49‰, 34.97 psu), are not signi!cantly different at the 99% con!-
dence level (p= 0.013, p= 0.031, respectively). Although the linear
!18Osw–salinity relationship from the previous surface data has a
lower slope (0.23‰/psu, 0.17–0.30‰/psu, 2") and intercept
(!7.82‰, !10.10 to !5.53‰, 2"), the values are not signi!cantly
different from the slope and intercept of the May 2012 !18Osw–salin-
ity data (Fig. 4). These results support the integrity of both the more
recent cavity ringdown spectroscopy (CRDS) and previous tradition-
al mass spectrometry measurements from the region as accurate to
within their reported uncertainties. They also suggest that these
median, regional values are not substantially biased by seasonal or
interannual variability.

To assess surface spatial patterns in the new surface !18Osw data, we
average the surface data into 1° ! 1° grids (Fig. 2). Spatial variation in
!18Osw at the surface is prominent, with lower values (0.3–0.4‰) to
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the north and higher values (0.5–0.6‰) to the south of 10°N in May
2012 (Fig. 2A). A sharp transition at this latitude is also observed in
the May 2012 salinity measurements (Fig. 2B). The location of the
abrupt latitudinal shift from lower to higher mixed layer !18Osw values
occurs closer to the equator, at 6°N, in the older dataset. Additionally,
the older dataset features two low !18Osw/salinity values at 13° and
17°N, which appear to be outliers relative to all other regional data
(Figs. 1, 2, 4). These data come from December 1973, a period of La
Niña conditions in the NINO3.4 region, following the 1972/73 El Niño.
The anomalously low !18Osw and salinity values may be related to
anomalously high precipitation: November 1973 was a relatively wet
month at nearby Johnston Atoll (16.7°N, 169.5°W),with 188mmof pre-
cipitation recorded relative to the 97 mm long-term November mean
(Peterson and Vose, 1997).

3.4. Subsurface !18Osw–salinity

Fig. 4 indicates substantial overlap betweenMay 2012 !18Osw–salinity
values in the subsurface (80–500 m) and in the mixed layer (0–75 m).
Vertical mixing, including upwelling and subduction, may impart surface
and subsurface similarity in salinity, and likely !18Osw, in this region
(Hanawa and Talley, 2001; Hasson et al., 2013). However, the higher
slope and lower intercept of the subsurface waters are also similar to
surface seawater slopes and intercepts from the Northern and Southern
Paci!c (LeGrande and Schmidt, 2006), as the subsurface comprises
water that has been advected equatorward from subtropical gyres
(Johnson et al., 2002; Liu et al., 1994; McCreary and Lu, 1994).

The median subsurface !18Osw value from May 2012 (0.36‰
N = 54) is not signi!cantly different from the median !18Osw value
of the previously collected subsurface samples (0.37‰, p = 0.949
N = 18). However, the median of the earlier salinity values (35.19 psu)
is signi!cantly higher compared to the median May 2012 salinity
(34.69 psu, p = 0.003). This is also apparent in the cluster of May 2012
subsurface salinity values between 34.5 and 34.75 in Fig 3B. These values
plot below much of the earlier subsurface salinity data, particularly be-
tween 80 and 200 m depth. Yet Fig. 3C reveals more overlap between
!18Osw in the current and previous observations. Fresher values in May
2012 are likely due to latitudinal sampling biases, as previous

subsurface data in this region was con!ned to the equator, whereas the
2012 data are from 0° to 10°N. However, these fresher values are not
manifested as substantially lower subsurface !18Osw, suggesting that
!18Osw could not discern fresher Northern Hemisphere subsurfacewaters
frommore saline SouthernHemisphere subsurfacewaters, at least inMay
2012 versus Jan–Feb 1991. The higher salinity values but similar !18Osw in
the earlier subsurface data produce a lower !18Osw–salinity slope,
although the slope and intercept of the subsurface !18Osw–salinity from
the earlier subsurface data are still not signi!cantly different from May
2012.

3.5. !18Osw–salinity across water masses

The strong !18Osw–salinity relationships in the surface and subsur-
face of the central tropical Paci!c cut across !ve major tropical Paci!c
ocean currents with distinctive water mass properties (Johnson et al.,
2002). Three major surface currents, the easterly North Equatorial Cur-
rent (NEC), the westerly North Equatorial Countercurrent (NECC), and
the easterly South Equatorial Current (SEC) advectwater across the cen-
tral tropical Paci!c. The SEC and NEC transport more saline waters,
whereas the NECC transports relatively fresher waters from the west
Paci!c warm pool (Hasson et al., 2013). The subsurface is de!ned by
two major currents, the westerly Equatorial Undercurrent (EUC), from
~75 m–200 m depth, and the Equatorial Intermediate Current (EIC),
which lies below the EUC at 200–500 m depth (Johnson et al., 2002).
The EIC is easterly, but may shift directions seasonally (Marin et al.,
2010). Another key water mass in the region is ‘13 °C water’which ad-
vects across the tropical Paci!c Basin from west to east (Tsuchiya et al.,
1990; Toggweiler and Dixon, 1991; Benway and Mix, 2004). Fig. 5
shows average !18Osw and salinity values in each of these currents and
the 13 °C water mass, along with 1" standard deviations. Values are
plotted for both the May 2012 and the archived data.

There is a consistent !18Osw–salinity relationship across these water
masses in the surface and subsurface, with a slope of 0.40‰/psu (0.22–
0.58 2"), and an intercept of !13.5‰ (!19.9 to !7.1, 2"), in May
2012. Fig. 5 also shows the same current andwatermass !18Osw–salinity
values calculated from previous !18Osw–salinity data in the region. The
slope is lower (0.21‰/psu,!0.01–0.42, 2") and the intercept is higher
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(!6.9‰,!14.5 to 0.70), in the earlier data although they are not signif-
icantly different than May 2012 values.

In May 2012, the SEC had the highest !18Osw and salinity values,
followed by the EUC and NECC, whereas the NEC, EIC, and 13 °C water
had the lowest !18Osw and salinity values. The value of the 13 °C water
mass is similar to !18Osw and salinity values measured in the same
water mass in the Panama Bight region (Benway and Mix, 2004). The
EUC has the largest salinity standard deviation (and the highest raw
!18Osw and salinity values), as it incorporates bothmore saline Southern
Hemisphere (SH) waters and relatively fresher Northern Hemisphere

(NH) waters that have advected toward the equator (Johnson et al.,
2002). However, the !18Osw standard deviation of the EUC (0.11‰) is
not substantially higher than the !18Osw standard deviation of the
other currents (0.08–0.14‰) and the instrumental precision (0.10‰),
suggesting !18Osw in the EUC may not track salinity as well as in other
currents, as !18Osw cannot differentiate NH and SH subsurface waters
of different salinities. Conversely the EIC, which falls near the NEC in
salinity–!18Osw space, has the largest !18Osw standard deviation
(0.14‰), but a relatively small salinity standard deviation. The ratio of
the salinity to !18Osw standard deviation in the NECC is also lower, sug-
gesting potential limitations on the interpretability of !18Osw as salinity,
at least using CDRSmethodwith its standard precision of ±0.10‰ (1")
for !18O.

In Fig. 5, the May 2012 NECC data show the largest difference com-
pared to the 1991-biased data, especially in !18Osw space, with more
saline and higher (and more variable) !18Osw values in May 2012 com-
pared to the earlier data. This might be explained by anomalous surface
currents in this region during the May 2012 cruise, when the region of
typical NECC"ow (3–9°N) experienced easterly current anomalies, sug-
gesting a weakened NECC at this time (Fig. 6). Additionally, there was
anomalously low precipitation minus evaporation (P! E) and a prom-
inent high salinity anomaly in the region in May 2012. The higher
!18Osw values relative to salinity values in May 2012 may also be due
to the additional kinetic effects of evaporation on the isotopic composi-
tion of seawater, imparting a larger signal in the isotopes relative to
salinity. While these anomalies may explain the relatively higher
!18Osw values in the NECC in May 2012, we note that we cannot yet
distinguish the relative contributions of advection, surface forcing, and
vertical mixing to the isotope budget with the available data.

3.6. Precipitation isotopes and the freshwater endmember

Daily precipitation !18O and !D values presented here include 10
samples from Kiritimati and 6 samples from cruise MGL12-08. The 10
daily rain samples from Kiritimati and 6 daily shipboard rain samples
have !18O values ranging from !3.5‰ to 0.1‰ and !D values ranging
from!18.4 to 3.1‰ (Table 1). Mean !18O and !D values of daily precip-
itation are!1.6 ± 0.8‰ (1") and!4.2± 5.6‰ (1"), respectively. The
island and open ocean precipitation isotope values overlap, although
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the highest and lowest precipitation isotope values in the dataset are
from Kiritimati. The daily precipitation data de!ne a meteoric water
line with a (!D/!18O slope) of 6.5 and a d-excess value of 6‰.

Linear relationships between !18O and salinity have been used to
infer the !18O value of a freshwater endmember, de!ned as the !18Osw

value when salinity equals zero (Delaygue et al., 2001; Benway and
Mix, 2004; LeGrande and Schmidt, 2006; Abe et al., 2009; Munksgaard
et al., 2012). In midlatitude and tropical regions, the freshwater
endmember has been interpreted with respect to the !18O of regional
precipitation (Benway and Mix, 2004; LeGrande and Schmidt, 2006;
Abe et al., 2009), river water (Munksgaard et al., 2012), or a combina-
tion of precipitation, evaporation, and runoff (Delaygue et al., 2001).
In the Great Barrier Reef, the freshwater endmember !18O and !Dvalues
were similar to the !18O and !D values of local river water (Munksgaard
et al., 2012). Over the Panama Bight region, the !18O value of the fresh-
water endmember was found to be lower than most precipitation !18O
values from the region (Benway andMix, 2004). Thiswas interpreted as
evidence that half of the freshwater forcing originates from infrequent,
large convective events derived from a distilled vapor source that has
crossed the Panama isthmus; regional runoff was concluded to be too
small to contribute substantially to the endmember value (Benway
and Mix, 2004). In the central tropical Paci!c, the surface freshwater
endmember (!10.38‰) is also much lower than daily precipitation
!18O values measured during the cruise period or monthly values
from the GNIP database (Table 1, Fig. 7). As we currently have no evi-
dence for highly depleted (~10‰) precipitation events in this region
from the daily or monthly GNIP !18O precipitation values, we cannot at-
tribute the freshwater endmember solely to regional precipitation.

In the open ocean, without signi!cant continental runoff, Delaygue
et al., 2001 de!ned the surface freshwater endmember as a function of
both precipitation and evaporation:

Intercept ! !18OpP!!18OeE
P!E

: "1#

We calculate this value for the central tropical Paci!c region
represented by our isotope samples using May 2012 values for P and
E, namely 1.29 mm/day (Adler et al., 2003) and 4.04 mm/day (Yu and
Weller, 2007), respectively. These values are obtained by averaging
values from the interpolated 1 ! 1° boxes in Fig. 2. We use the
amount-weighted average of !18O values from May 2012 (!2.0‰,
which is in close agreement to !18Op values of !2.2 ± 0.5‰ from this
region reported in Sayani et al. (2011)), and for !18Oe, we assume values
ranging from!8 to!12‰, corresponding to vapor in equilibriumwith
regionalmean surface seawater (0.47± 0.12‰), allowing for additional

depletion (for relative humidity as low as 75%) due to kinetic fraction-
ation effects (Gon!antini, 1986; Majoube, 1971). Note that in Eq. 1,
the E "ux is subtracted from P, so negative vapor values will lead to an
enrichment of the seawater, as expected. Using these values, we
obtain intercepts ranging from !10.8‰ to !16.7‰ at S = 0. This
range of values overlaps the observed freshwater endmember of
!10.38 ± 3.03‰ (2"). We !nd the best solution that approximates
the May 2012 endmember when !18Oe =!7.7‰. Although we cannot
precisely constrain the time taken to form the freshwater endmember,
this calculation and the lack of evidence for !18Op values of !10‰ in
the region suggest that evaporation as well as precipitation likely
plays an important role in determining the !18Osw–salinity intercept in
the central tropical Paci!c.

3.7. Paired !18O and !D observations

The relationship between !18O and !D values is a prominent feature
of stable isotope studies of meteoric waters, providing insights into
potential precipitation source regions and the effect of evaporation on
rainfall and surface waters (Dansgaard, 1964; Rozanski et al., 1993;
Gat, 1996). However, paired !18O–!D analyses of seawater are rare, al-
though they may become more common with new CRDS technology
(i.e., Munksgaard et al., 2012) and with the recent demonstration that
paleosalinity estimates based on joint !18O–!D measurements proxies
may reduce uncertainty and produce more quantitative paleosalinity
reconstructions (LeGrande and Schmidt, 2011; Rohling, 2007). In
Fig. 7 we compare precipitation and surface seawater !18O–!D data for
the central tropical Paci!c as a !rst-order assessment of !18O–!D vari-
ability in seawater from this region. Measured Kiritimati precipitation
!18O and !D values fall under the global meteoric water line. The low
slope of the Kiritimati meteoric water line (5.1) and the low d-excess
value (1.4‰) from the monthly Kiritimati GNIP data indicate the in"u-
ence of sub-cloud evaporation of rain in this region (Conroy et al.,
2013; Gat, 1996). Corresponding values from the May 2012 daily rain
samples (slope = 6.5, d-excess = 6.0‰; Table 1) are higher than

Table 1
Stable isotope values of daily precipitation samples fromKiritimati (1.99°N157.47°W)and
Line Islands cruise. Latitude and longitude of cruise samples are listed as daily averages
(prior to rain sample recovery).

Date Sampling location Amount !18O !D

(mm/day) (‰ VSMOW) (‰ VSMOW)

5-May-2012 8.12°N 160.24°W 0.19 !1.24 ± 0.05 !0.25 ± 0.52
9-May-2012 4.29°N 159.84°W 3.84 !2.62 ± 0.06 !12.26 ± 0.10
11-May-2012 0.66°N 156.71°W 2.34 !1.79 ± 0.05 !6.36 ± 0.34
15-May-2012 1.80°N 158.09°W 3.47 !1.63 ± 0.11 !3.57 ± 0.53
17-May-2012 Kiritimati 0.26 0.06 ± 0.01 3.07 ± 0.38
18-May-2012 4.79°N 160.04°W 9.79 !2.22 ± 0.03 !7.98 ± 0.32
18-May-2012 Kiritimati 12.47 !3.48 ± 0.09 !18.45 ± 0.59
19-May-2012 5.20°N 160.43°W 4.37 !1.45 ± 0.04 !2.75 ± 0.33
21-May-2012 Kiritimati 0.53 !1.80 ± 0.08 !6.66 ± 0.55
22-May-2012 Kiritimati 8.02 !1.66 ± 0.14 !5.31 ± 0.19
23-May-2012 Kiritimati 6.22 !1.41 ± 0.11 !2.72 ± 0.40
24-May-2012 Kiritimati 3.16 !1.23 ± 0.04 0.81 ± 0.77
25-May-2012 Kiritimati 11.83 !1.92 ± 0.07 !5.52 ± 0.31
26-May-2012 Kiritimati 0.08 !0.27 ± 0.09 2.90 ± 1.09
27-May-2012 Kiritimati 2.56 !1.18 ± 0.03 !0.33 ± 0.01
29-May-2012 Kiritimati 10.40 !1.51 ± 0.04 !2.39 ± 0.17 -25
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Fig. 7. Surface seawater and precipitation of the central tropical Paci!c in !18O–!D space.
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regression line.
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those derived from the GNIP data, but are consistent with an evapora-
tive in"uence.

In central tropical Paci!c seawaters, we !nd a signi!cant correlation
between !18O and !D values of surface water (r = 0.56, N = 95,
p b 0.001). The subsurfacewater has a relatively weaker, but still signif-
icant !18O–!D relationship (r = 0.38, N = 55, p = 0.004). There is no
signi!cant relationship between !18O and !D in the deeper samples
(r = !0.13, N = 41, p = 0.41). We expect the strongest correlation
in the surface waters, as surface forcing (precipitation and evaporation)
imparts the surface seawater with its !18O–!D relationship. The slope of
the !18O–!D relationship in surfacewater is 5.0, with an intercept of 0.8
(Fig. 7). The slope and intercept values of the central tropical Paci!c
‘surface seawater line’ are distinctive from the typical meteoric water
line (Gat, 1996; Rohling, 2007), as well as the global average !18O–!D
seawater slope of 7.4 (Rohling, 2007). The May 2012 central tropical
Paci!c slope value of 5.0 likely indicates an evaporative in"uence in
the region, consistent with low May 2012 P ! E values, and the in"u-
ence of evaporation indicated from our analysis of the freshwater
endmember (Craig and Gordon, 1965a,b; Rohling, 2007).

The surface slope and intercept of the Line Islands !18O–!D data are
similar to the slope and intercept of the local MWL as derived from the
monthly GNIP precipitation data (Fig. 7). At face value, this may suggest
that mixing with local precipitation shapes the !18O–!D relationship in
seawater. For example,Munksgaard et al. (2012) found that surface sea-
water !18O–!D values in the Great Barrier Reef Lagoon plotted on the
same !18O–!D line as local riverwaters draining into the lagoon, indicat-
ing the !18O–!D relationship of surface waters of the Great Barrier Reef
is at least partly controlled by the !18O–!D values of the freshwater
endmember. However, analysis of the freshwater endmember in this
study has highlighted the importance of evaporation. Thus, the similar
!18O–!D slope and intercept of regional precipitation and surface sea-
water may indicate that evaporation imparts a strong in"uence on the
stable isotopic composition of both rain and surface seawater in the
central tropical Paci!c.

4. Conclusions

We have added substantially to available !18Osw data for the central
tropical Paci!c. These new data from May 2012 overlap earlier !18Osw

values and support the integrity of the new data measured with CRDS,
and indicate that median values were not substantially biased by sea-
sonal or interannual variability between Jan–Feb 1991 and May 2012.
We !nd a strong !18Osw–salinity relationship in the surface and subsur-
face, and a consistent !18Osw–salinity relationship across themajor cur-
rents and water masses of the central tropical Paci!c.

The considerable overlap between the surface and subsurface
!18Osw–salinity data highlights the important, yet poorly constrained
role for vertical mixing in this region, as well as surface forcing and ad-
vection. More observational data and studies with isotope-equipped
coupled climate models will be needed to better constrain this isotope
budget. The increased amount of subsurface isotope data suggests com-
plexities in the !18Osw–salinity relationship: whereas salinity de!nes
fresher Northern Hemisphere subsurface waters versus more saline
equatorial/Southern Hemisphere subsurface waters, !18Osw values are
similar, at least in May 2012 versus Jan–Feb 1991. In addition, we !nd
that while salinity has a large range across the EUC, which incorporates
more saline Southern and less saline Northern Hemisphere waters, the
!18Osw standard deviation is not substantially higher relative to the
other water masses. Thus, !18Osw alone may not always constrain
these subsurface water masses.

Surface spatial patterns indicate higher !18Osw values extending fur-
ther north in May 2012 relative to the data collected in the late 20th
century. In addition, salinity values across the NECC region are higher
than theMay average. AweakNECC and negative precipitation anomaly
may have driven higher salinity and !18Osw values in this region in May

2012, but more data are needed to quantify temporal variability in
!18Osw.

The surface freshwater endmember of theMay 2012 !18Osw–salinity
curve differs appreciably from local precipitation !18O values from
the period of the cruise, as well as regional precipitation values
derived from pre-existing data. In this region of strong advection and
vertical mixing, constraining a freshwater endmember with a two-
endmember mixingmodel may not be adequate. However, our analysis
of the freshwater endmember, aswell as the similarity in !18O–!D space
between surface seawater and regional evaporation-in"uenced precip-
itation suggests a strong role for evaporation as well as precipitation in
controlling stable water isotope values in the central tropical Paci!c.

These data provide a valuable new addition to themodern seawater
isotope dataset. Yet additional paired isotope–salinity time series are
critically needed to assess variability in !18O–salinity slopes and inter-
cepts, which likely vary through time. Temporal isotope–salinity
datasets will also be useful for validation of model simulations of the
isotope–salinity relationship. Ultimately, pairing modern as well as
paleo-isotope data with such simulations will likely provide the best
estimate of past ocean circulation and climate variability.
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