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Abstract The surface ocean hydrological cycle is explored based on �300 new d18O and dD measure-
ments from surface waters of the Atlantic Ocean and the Mediterranean Sea over the period 2010–2016.
Our approach combines these surface observations with salinity (S) and stable isotope measurements of
atmospheric water vapor. The distinct regional S-d distributions are used to identify different surface water
masses and their horizontal advection. Moreover, based on assumptions on the d-S characteristics of
seawater sources and the isotope composition of the evaporative (de) and meteoric water (dMW) fluxes, the
d-S distribution is used to indicate the relative importance of evaporation (E) and meteoric water inputs
(MW). Here de is estimated from the Craig and Gordon’s equation using 120 days of measurements of the
ambient air above the Atlantic Ocean collected during three cruises. To provide quantitative estimates of
the E:MW ratio, we use the box model from Craig and Gordon (1965). This identifies the subtropical gyre as
a region where E:MW �2 and the tropical ocean as a region were MW:E �2. Finally, we show that the
d18O-dD distribution is better represented by a linear fit than the d-S relationship, even in basins governed
by different hydrological processes. We interpret the d18O-dD distribution considering the kinetic
fractionation processes associated with evaporation. In the tropical region where MW exceeds E, the
d18O-dD distribution identifies the MW inputs from their kinetic signature, whereas in regions where E
exceeds MW, the d18O-dD distribution traces the humidity at the sea surface.

1. Introduction

Significant changes in the global water cycle are expected as a result of the ongoing global warming of the
earth surface. In particular, the modification of evaporation (E) and precipitation (P) will impact surface
ocean salinity, and thus upper ocean stratification, with strong implications for primary production and car-
bon transfer [e.g., Schmitt, 1995; Terray et al., 2012; Durack, 2015]. Studies have already documented an
increase of the evaporation rate in the North Atlantic subtropical gyre since the 1970s [Yu, 2007] and a
recent increase in the amount of precipitation in the Arctic region [e.g., Peterson et al., 2002; Bintanja and
Selten, 2014]. These observations portend future climate change with an amplified water cycle [Durack et al.,
2013]. Nevertheless, uncertainties on these estimations are large due to the difficulty to directly measure E
and P over a sufficiently large spatial and temporal coverage. In order to accurately project future changes
in the atmospheric hydrological cycle, we need to improve our knowledge of the spatial variability and con-
trols on E-P fluxes over the modern ocean.

The stable isotopic composition of surface seawater, combined with its salinity, is an effective tool to investi-
gate hydrological processes at the surface of the ocean. Indeed, the relationship between these parameters is
most of the time linear at the regional scale, with a slope and intercept that vary according to the hydrological
conditions as different water sources and sinks have distinct isotopic compositions [Craig and Gordon, 1965].
Isotope fractionation during phase changes results in a general decrease of both d18O and dD of water vapor
and precipitation with increasing latitudes or altitude [Dansgaard, 1954]. The influence of water fluxes (E and
meteoric water (MW), corresponding to precipitation over the ocean plus river inputs) on the d-S relationship
at the ocean surface is illustrated in Figure 1. When a surface ocean water mass is diluted with MW, the Y inter-
cept of the S-d relationship represents the isotopic composition of the freshwater source (dMW). If, instead, the
freshwater fluxes are dominated by evaporation, the Y intercept theoretically approaches the isotope
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composition of the evaporative flux (de) [Craig and Gordon, 1965]. In practice, however, the oceanic surface
S-d relationship is affected by mixing in different proportions of multiple moisture end-members such as
evaporation, MW inputs, and oceanic water masses, leading to Y intercept values that are not easy to interpret
(see one example in Figure 1c where MW and E influence the water masse).

As a result, there is a strong diversity in the d-S relationship of the different regions of the global ocean
[e.g., Rohling and Bigg, 1998; Schmidt, 1999; Benway and Mix, 2004; LeGrande and Schmidt, 2006]. This diver-
sity is controlled by mixing between end-member water masses and by other surface hydrological pro-
cesses such as evaporation, precipitation, runoff, sea ice processes, and continental glacial melt [e.g., Craig
and Gordon, 1965; Rohling and Bigg, 1998; Benetti et al., 2016, 2017a; Benway and Mix, 2004; LeGrande and
Schmidt, 2006; Dodd et al., 2009; Delaygue et al., 2001; Sutherland et al., 2009]. The d18O-dD relationship can
also be measured in seawater [Rohling, 2007; Schmidt et al., 1999] and carries information on kinetic isotope
effects associated with evaporation [Craig, 1961; Dansgaard, 1964].

In this paper, we present the S-d18O, S-dD, and d18O-dD surface relationships of the Atlantic Ocean and Medi-
terranean Sea to investigate the processes that drive the hydrological cycle at the sea surface south of 558N
(and excluding the western subpolar gyre). Approximately 300 seawater samples have been analyzed with a
rigorous analytical method, resulting in a nearly homogeneous accuracy throughout the data set. dD measure-
ments are less numerous than d18O measurements in public databases such as Global Seawater Oxygen-18
Database of Schmidt et al. [1999]. To fill this data gap, this study mostly used the recent Cavity Ring Down
Spectrometer technology [Crosson et al., 2002], which allows simultaneous measurements of both isotopes.
The large spatial coverage records a diversity of hydrological regimes at the Atlantic Ocean surface. In addi-
tion, a dozen samples are from the northwestern Mediterranean Sea, a semienclosed basin where evaporation
largely dominates the water budget. In order to estimate the isotopic composition of the evaporated flux
[Craig and Gordon, 1965; Merlivat and Jouzel, 1979], we complement this data set with the continuous mea-
surement of the isotopic composition of the water vapor and standard meteorological parameters above the
Atlantic Ocean during several months over the period 2012–2015 [Benetti et al., 2017b].

2. Method

2.1. Sampling Area
This data set includes measurements of d18O, dD, and salinity in the surface Atlantic Ocean from 2208S to
558N carried out during several cruises in the period 2010–2016 (Figure 2). It also includes samples in the
western part of the Mediterranean Sea in 2016. The cruises are listed in Table 1.

2.2. Measurements
The stable isotope ratio is expressed in delta notation (d18O for oxygen 18 and dD for deuterium) defined as
the per mil deviation of the 18O/16O and D/H ratios in the seawater from the ratio in the Vienna Standard
Mean Ocean Water (VSMOW). For example, the deuterium isotopic composition is expressed as,

Figure 1. Control of evaporation (E) and meteoric water (MW) fluxes on the surface d-S relationship. (a) The salinity decreases according to
dilution with MW and the Y intercept (YS 5 0) indicates the d value of the MW. (b) The salinity increases according to E and the YS 5 0 indi-
cates the d value of the evaporated flux. (c) Mixed case where E and MW affect together the system and dMW> de. If E>MW, the YS 5 0 will
be lower than de. If MW> E, the YS 5 0 will be higher than dMW.
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RVSMOW
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with R the ratio of concentrations of the heavy isotope to the light isotope (D/H), in the sample or in the
international standard VSMOW.

The �300 seawater samples of this study are collected either from the onboard thermosalinograph, or using
a bottle rosette equipped with Niskin bottles. Then, samples were stored in 30 mL tinted glass bottles
(GRAVIS). 289 samples have been analyzed with a PICARRO CRDS (cavity ring-down spectrometer; model
L2130-I Isotopic H2O) at LOCEAN-IPSL (Paris, France). The remaining seawater samples have been measured
with an Isotope Ratio Mass Spectrometer (Delta V Advantage IRMS coupled with a Gasbench II) at Institute
of Earth Sciences (Reykjavik, Iceland). The four internal references which have been used to calibrate the
data in the V-SMOW scale are d18O: 0.51, 20.05, 23.26, and 26.61&, and dD: 1.85, 0.46, 221.32, and
244.3&. All reference waters, previously calibrated using IAEA references, are stored in steel bottles with a

Figure 2. Sampling map for seawater d18O, dD, and surface salinity measurements from 2010 to 2016. The year of sampling is indicated by
the color. Note that OVIDE 2010 in purple is below OVIDE 2012 in green (same transect from Lisbon to 558N). The Newfoundland region
has been sampled every 3 months from 2012 to 2016.

Table 1. Main Characteristics of the Sampling Cruisesa

Cruise Region of Interest Year Ship Method

PIRATA FR 24 Guinea Gulf Apr–May 2014 RV Le Surôıt (GENAVIR) PICARRO L2130i after distillation
STRASSE Eastern subtropical gyre Aug–Sep 2012 RV La Thalassa (GENAVIR) PICARRO L2130i after distillation
MIDAS Eastern subtropical gyre Mar 2013 RV Sarmentio de

Gamboa (CSIC)
PICARRO L2130i after distillation

RARA Brest-Cabo Verde-
Martinique-
Bermuda-Azores

Jan–Mar 2015
May–Jun 2015

RARA AVIS (AJD) PICARRO L2130i after distillation

Fleur Australe Eastern Atlantic 508N Feb 2016 Fleur Australe (P. Poupon) PICARRO L2130i with liner
OVIDE 2010 Portugal 2558N Jun 2010 RV La Thalassa (GENAVIR) PICARRO L2130i after distillation
OVIDE 2012 Portugal 2558N Jun–Jul 2012 RV Sarmentio de Gamboa PICARRO L2130i after distillation
MOOSE-GE 2016 Mediterranean Sea May–Jun 2016 RV Atalante (GENAVIR) PICARRO L2130i with liner
TARA Eastern Atlantic at 508N May and Dec 2013 Tara (Tara Expeditions) PICARRO L2130i after distillation
SURATLANT Southwestern subpolar gyre 2012–2016

(every 3 months)
EIMSKIP vessels PICARRO L2130i Distillation or liner

Toucan/
Cap SanLorenzo/
Colibri

Equatorial
Atlantic

Summer 2016 Toucan/Colibri
(Maritime Nantaise)
Cap San Lorenzo
(Hamburg Sud)

PICARRO L2130i with liner or IRMS

aThe method of measurement is indicated in the last column. Distillation and liner refer to modes of operation on the Picarro L2130i,
whereas IRMS indicates that an isotope ratio mass spectrometer was used (see text for further information).
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slight overpressure of dry nitrogen to avoid evaporation
processes and exchanges with ambient air humidity.
Based on repeat analyses of an internal laboratory stan-
dard over several months, the reproducibility of the
measurements is better than 60.05& for d18O and
60.50& for dD. About 85% of the PICARRO measure-
ments have been done after having distilled the seawater
samples to avoid salt accumulation in the vaporizer
[Skrzypek and Ford, 2014]. The remaining 15% have been
done without distillation prior to the PICARRO analyses
but with the use of a wire mesh inserted in the vaporizer
inlet to trap about 80% of the seawater salt (the liner has

been provided by Dave Hodell, University of Cambridge). For IRMS measurements, we follow the
approach of Epstein and Mayeda [1953], in which measurements are obtained by equilibration between
the reference gas and the liquid seawater sample. The presence of salts in liquid samples at seawater
concentration (salinity �35) affects the IRMS and PICARRO measurements [e.g., Sofer and Gat, 1972,
1975; Bourg et al., 2001; L�ecuyer et al., 2009; Skrzypek and Ford, 2014]. To check the consistency of the
three different methods we used, the salt effect on the measurements was evaluated for each protocol.
For this purpose, we prepared artificial seawater from a freshwater standard of known isotopic composi-
tion. The isotopic composition of the artificial seawater was measured by the three methods and correc-
tions were derived to remove the salt effect on measurements of seawater for each of the three
methods in question (Table 2). Notice that the salt effect corrections have been evaluated for the specific
protocols of this study and might be different in other laboratories. Here we applied these corrections
on the �300 samples of this study to obtain a consistent isotopic data set on the concentration scale
[Sofer and Gat, 1972, 1975].

The salinity has been measured using a salinity probe, installed on a thermosalinograph or a CTD rosette,
calibrated before and after each cruise. Additionally, measurements were calibrated with salinity samples
analyzed on salinometers referenced to Standard Sea Water. SSS accuracies were generally estimated at
0.01 during the cruises. We express S in the practical salinity scale of 1978, pss-78, with no unit.

Moreover, 39 sea-rain samples from eight rain events have been collected in the Guinea Gulf during the
PIRATA FR24 cruise. We used a simple manual rainwater trap top with narrow-mouthed funnel, located on
the bridge. The isotope composition of these freshwater samples has been measured at LOCEAN with the
same PICARRO used for the seawater measurements (no corrections applied on freshwater measurements).

3. The Study Area: Surface Hydrology and Water Masses

In this section we summarize the general surface hydrology and oceanic circulation of the Atlantic
Ocean’s lower and middle latitudes. The schematic surface circulation is shown in Figure 3, as well as sea
surface salinity [Gaillard, 2016]. The 158N–408N latitudes are dominated by an anticyclonic subtropical
gyre (STG) formed by the Gulf Stream (GS), the North Atlantic Drift (NAD), the Canary Current (CC), and
the North Equatorial Current (NEC). The Azores Current is an extension of the GS, south of the NAD, and
participates to the transport from the fresher outer STG to the more saline inner STG. The Labrador Cur-
rent carries cold and freshwaters from the highest latitudes (mostly originating from the arctic region)
and forms the western southward branch of the cyclonic subpolar gyre (SPG). The NAD is an extension of
the GS diluted with fresher waters carried by the Labrador Current and constitutes the intergyre area
(southern eastward branch of the SPG and northern eastward branch of the STG). Part of the NAD recircu-
lates to the south across the CC. Then, the STG is bounded toward the South by the westward NEC. A sim-
ilar STG is observed in the South Atlantic with anticyclonic gyre circulation. The South Equatorial Current
(SEC) constitutes the northern branch of the southern Atlantic hemisphere STG and carries waters from
the eastern to western part of the Atlantic. Part of it also flows northwestward along northern South
America bringing this water to the northern hemisphere. The remaining part flows southward along the
Brazil coast.

Table 2. Correction Applied to the 300 Isotopic
Measurements Presented in This Study in Order to
Report Isotopic Compositions on the Concentration
Scale (After Having Removed the Salt Effect)a

Method d18O dD

Distillation 1 Picarro 10.14& 10.57
Liner 1 Picarro 10.09& 10.12&

IRMS 10.07& 21.17&

aThe corrections are derived from several measure-
ments of a freshwater standard of known isotopic
composition and an artificial seawater made from this
reference.
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The Atlantic Ocean’s lower and middle latitudes can be divided into three main subareas governed by
diverse hydrological regimes: (i) the temperate or midlatitude region, (ii) the tropical region, and (iii) the
subtropical region. In addition, we also present (iv) the Mediterranean Sea as an example of a hydrologically
restricted system subject to strong evaporation.

1. This study samples the temperate region in the eastern part of the Atlantic Ocean (east of 308W and
north of 408N), between the subtropical and polar region. This region forms the eastern and southern
part of the SPG and is strongly influenced by waters carried along the NAD that contain a mixture
between freshwaters from the Labrador Current and saltier waters from the GS. There the difference
between the E and MW fluxes is less contrasted compared to the tropical and subtropical region, with
probably similar magnitudes of E and MW fluxes (transition with the subtropical region where E exceeds
MW and the northern latitudes where MW exceeds E) [Schmitt, 1995]. We also sample the southern and
western part of the SPG, off Newfoundland (SURATLANT surveys), to identify the source of water from
the SPG, that will be in part mixed with the GS to form the NAD.

2. The tropical region (Equator 6158) is dominated by the input of MW in the form of precipitation over the
ocean and river runoff along the African and South American coasts (see the lower salinity strip at �58N–
108N in Figure 3). The locations of the three main estuaries are shown in Figure 3 (Niger, Congo, and
Amazon) and are also identifiable by the three zones of freshwater along the coast (salinity below 31). In
this tropical belt, the annual evaporation minus precipitation (E-P) is negative and mostly within the
range 220 to 2125 cm/yr [Schmitt, 1995]. The surface is also affected by deeper waters from the sub-
tropical regions carried to the surface by the equatorial upwelling and other regional upwellings.

3. In the North Atlantic subtropical region (area characterized by high salinity around 308N), the annual E-P
is positive and mainly comprised between 50 and 150 cm/yr, with the high values concentrated in the
southeastern STG [Schmitt et al., 1989; Schmitt, 1995; Gordon and Giulivi, 2014]. The annual salinity maxi-
mum is identifiable in Figure 3 and is correlated with limited precipitation and a high evaporation rate a
little further south [W€ust and Defant, 1936; Gordon and Giulivi, 2014; Durack, 2015]. The Gulf Stream area
from 308N to 408N in the western part of the gyre is also probably dominated by evaporation but MW
inputs are more abundant in this region, compared to the eastern part of the gyre. The positive E-P in
the subtropics is compensated by convergence of freshwater through the Ekman transport and eddy
fluxes, as well as the large-scale ocean advection from the North [Gordon and Giulivi, 2014].

4. The Mediterranean Sea is a semienclosed basin where fresh Atlantic waters enter at the surface across
the Strait of Gibraltar. The strong E compared to MW inputs result in the transformation of Atlantic
waters into saline Mediterranean Waters (salinity larger than 38). The salinity increases from the western
part to the eastern part, where E is maximal with particularly dry continental air masses in contact with
the ocean surface [Romanou et al., 2010]. Then, in specific areas in winter during strong dry wind events,

Figure 3. (left) Schematic surface circulation of the Atlantic Ocean from 2158S to 558N. STG and SPG are the subtropical and subpolar gyre,
respectively. LC: Labrador Current, NAD: North Atlantic Drift, GS: Gulf Stream, AC: Azores Current, CC: Canary Current, NEC: North Equatorial
Current, SEC: South Equatorial Current, GC: Guinea Current. The main estuaries in the tropics are indicated by the blue arrows (Amazon,
Orinoco, Niger, and Congo rivers). The black dotted arrows represent the transport through eddies and Ekman transport from the outer to the
inner North Atlantic STG. (right) Sea surface salinity annual average over the period 2002–2012. The data are from ISAS-13 (in situ analysis
system) temperature and salinity gridded fields, SEANOE (sea open scientific data publication, www.seanoe.org) [Gaillard, 2015].
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surface waters become very
dense and sink to form the inter-
mediate (300–400 m) and deep
(1000–3000 m) waters. These
waters are then exported toward
the Atlantic Ocean at depth
across the Strait of Gibraltar.
Remnants of this salty water
mass can be identified at
�1000 m depth over a large part
of the North Atlantic basin
[Bower et al., 2002].

4. Spatial Variability

4.1. d18O, dD, and Salinity
The spatial variability of surface
d18O, dD, and salinity is presented
in Figure 4. The spatial coverage
results in a large range for these
quantities. Surface salinity varies
from 30.48 to 38.35, d18O from
20.34 to 1.48&, and dD from
23.18 to 9.57&. The high values of
S and d correspond to regions of
high evaporation. The heaviest iso-
topic compositions of the Atlantic
Ocean (d18O 5 1.48& and
dD 5 9.57&) were observed during
the STRASSE summer cruise in the
eastern part of the subtropical gyre,
with a salinity of 37.76 (close to the
maximal salinity of the STG, Figure
3). The highest surface salinities (up
to 38.35) are found in the western
Mediterranean Sea (the eastern
Mediterranean Sea is not sampled).
The lower S and d values indicate
surface dilution with freshwater
inputs. The lowest salinity (30.48) is
found at 52.378W/5.538N, over the
Brazilian shelf strongly affected by
freshwater input from the Amazon
drainage area with a relatively high
d values: d18O 5 0.14& and
dD 5 1.02&. Low salinities are also
found in the Guinea Gulf, mainly in
its eastern part (down to 32.55 at

68E, 3.758S). The lowest d values are found in the western part of the subpolar gyre (down to
d18O 5 20.34& and dD 5 23.18&) with a corresponding salinity of 34.13.

4.2. de and dMW

In order to later discuss the d-S relationships in the context of the regional water fluxes (E, MW, and the
advective mixing processes), we first present the de and dMW characteristics of the low and midlatitudes of
the Atlantic Ocean.

Figure 4. Spatial variability of the (a) d18O, (b) dD, and (c) surface salinity with a color
bar from 35 to 38 to better illustrate high-salinity variability.
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During the STRASSE, PIRATA, and RARA cruises, the standard meteorological parameters, as well as the isotopic
composition of the water vapor have been continuously measured a few meters above the sea surface (see Figure
5a for sampling area). The measurements are fully described in Benetti et al. [2017b] and Benetti et al. [2014, 2015].
For all cruises, we calculate the average de weighted by the evaporation rate using the Craig and Gordon’s [1965]
equation (Table 3). The STRASSE cruise samples the eastern STG and the PIRATA cruise samples the Guinea Gulf.
Because of the large spatial and temporal coverage, we divided the RARA cruise measurements in four subsets to
calculate the average de values based on the location and the season. The four subsets are located in Figure 5a
with the midlatitudes represented by subsets 1 and 4, the eastern part of the STG represented by subset 2, and
the western part is represented by subset 3. The periods of measurement are described in Table 3.

For the six subsets, the weighted averages of de
18O and deD vary from 28.30 to 24.94& and from 254.06 to

227.72&, respectively. The mean weighted de values are quite close for PIRATA and STRASSE cruises (in particular
for 18O), while PIRATA samples the Guinea Gulf in spring and STRASSE samples the eastern STG in summer. For the
RARA cruise, the mean values are systematically lower for de

18O and deD (in particular for RARA 2, which is quite close
to the site of the STRASSE cruise). The variability of the mean weighted de values results from the variability of surface
conditions (humidity, SST, wind speed, d18O, and dD in seawater and in the ambient air) in these regions [Craig and
Gordon, 1965; Merlivat and Jouzel, 1979]. In particular, the difference between RARA 2 and STRASSE could be in part
due to seasonal cycle in the eastern STG (RARA 2 was in winter, while STRASSE was in summer). Moreover, the midlat-
itude region has been sampled in winter (RARA I) and in summer (RARA IV) 2015: we found close deD values for both
periods and a difference of about 1& between the two de

18O values. In the following interpretations, we only con-
sider the measured variability of de

18O and deD, whereas what controls the de value is explored in a work in progress.

We then use the Global Network Isotopic Precipitation (GNIP) network to estimate the dp spatial variability
over the study area. The selected land stations are shown in Figure 5b and the subsequent annual average

Figure 5. (a) Location of d18O and dD measurements of the water vapor above the sea surface during the STRASSE, PIRATA FR24, and
RARA cruise. The RARA cruise has been divided in four subsets according to the location and the season. (b) Location of d18O and dD meas-
urements of the rain. The blue squares are land GNIP stations and the black dots correspond to rainwater collection from the ship during
the PIRATA FR24 cruise.

Table 3. The Average of de for Each Cruise, Weighted by the Evaporation Ratea

Region East STG West STG Guinea Gulf Middle Latitudes

Cruise STRASSE RARA 2 RARA 3 PIRATA RARA 1 RARA 4
Duration (day) 24 17 27 22 14 11
Season Summer 2012 Winter 2015 Winter and Summer 2015 Spring 2014 Winter 2015 Summer 2015
de

18O 25.05 28.30 26.47 24.94 26.41 25.42
deD 231.02 254.06 248.15 227.72 248.68 246.69

aThe RARA cruise has been divided in four subsets according to the location and the season. We consider in the CG65 formula the
smooth regime with ak 5 1.006 for d18O and ak 5 1.0035 for dD [Merlivat and Jouzel, 1979] and the equilibrium fractionation factors
from Majoube [1971].

Journal of Geophysical Research: Oceans 10.1002/2017JC012712

BENETTI ET AL. HYDROLOGICAL PROCESSES OVER THE ATLANTIC 4729



dp values weighted by the precipitation
rate are presented in Table 4. More-
over, we also calculate the value of dp

in the Guinea Gulf from the 39 samples
of rain collected during the PIRATA
cruise during the period 1–20 May
2014 (see all values in Appendix A and
averages in Table 4). The data record
the meridional gradient with the most
depleted dp values observed at Altrab-
reac (UK) and the most enriched values
at Belem (Brazil).

5. The d18O-S and dD-S
Relationships

The scatterplots in Figure 6 illustrate the variety of the surface S-d18O and S-dD relationships in the Atlantic
Ocean between 208S and 558N (see purple points, this study). At this large spatial scale, the 300 measure-
ments do not fall on a single linear relationship, indicating that the Equatorial and North Atlantic Ocean are
governed by a different surface hydrology. The highest salinities correspond to regions of strong evapora-
tion such as the Mediterranean Sea and the STG, with a scatter in the S-d distribution suggesting different

Table 4. The Annual Average dp Values Weighted by the Precipitation Rate
From the 10 GNIP Stations From Figure 5ba

Location dp
18O (&) dpD (&) d-excess (&)

Brest (France) 25.26 6 0.52 233.4 6 4.8 8.6 6 1.0
Faro (Portugal) 24.52 6 0.74 225.0 6 5.3 11.2 6 2.1
Altrabreac (UK) 28.72 6 0.32 259.3 6 3.3 10.5 6 0.7
Douala (Cameroon) 23.07 6 0.69 213.7 6 4.4 10.9 6 1.3
Cotonou (Benin) 23.006 0.45 212.6 6 3.3 11.5 6 0.3
Kano (Niger) 24.28 6 1.81 227.7 6 10.9 6.6 6 3.7
Ponta Delgada (Azores) 23.97 6 0.90 221.9 6 6.9 9.9 6 2.1
Angra Do Heroismo (Azores) 23.86 6 0.68 222.1 6 6.5 8.8 62.1
Belem (Brazil) 22.62 6 1.44 213.0 6 9.4 9.3 6 3.5
Bermuda Island 23.496 0.35 216.8 6 1.8 11.1 6 3.7
Guinea Gulf (1–20 May 2014) 24.796 2.05 227.0 6 16.4 11.4 6 2.9

aThe last row is the average value estimated from the 39 samples of rain col-
lected during the PIRATA cruise (see Appendix A).

Figure 6. Comparison of d18O-S, dD-S, and d18O-dD relationships from this study in purple (300 samples) with the GISS database (green
and orange, 0–15 m and salinity more than 30). At this large scale, the various relationships reflect regions strongly affected by evaporation
(E): (red square) as well as by dilution with meteoric water (MW): (black arrow).
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evaporation conditions (red
square in Figure 6). The lowest
salinity observed over the Bra-
zilian shelf does not correspond
to the lowest d values, which
are found in the western part
of the subpolar gyre (down
to d18O 5 20.32& and dD 5

23.17&) with a corresponding
salinity of 34.10. These saltier
and more depleted samples,
compared to those found in the
Guinea Gulf or over the Brazilian
shelf, reveal freshwater inputs
from higher latitudes. This is an
example of how dilution with
different freshwater sources
(the enriched tropical MW and
the depleted high/middle lati-
tudes MW) results in distinct d-S
relationships (black arrows in
Figure 6). Previously, only 24
surface {d18O-dD} pair from the
GEOSECS project were available
for this region in the
international Global Seawater
Oxygen-18 Database of Schmidt
et al. [1999]. Nevertheless, d18O
are more numerous than dD
with 426 GISS measurements in

the region for samples with salinity larger than 30. Most of these samples are located over the continental
shelf area (see green dots in Figure 6). Our new compilation of isotope values is a considerable improve-
ment of the Atlantic Ocean surface spatial coverage and it is clear that the more limited GEOSECS {d18O-dD}
sampling does not record the complexity of the S-d relationship over the Atlantic Ocean [€Ostlund et al.,
1987].

In the following, we highlight from this new data set distinct linear relationships from subareas to identify
the different water masses affected by their own surface hydrological regimes. We group the data set into
10 different subgroups (we do not calculate the linear regression for two groups due to the small range of
salinity variation). Figure 7 shows the different subgroups and their location (one color for a subgroup). The
linear regressions for each group are presented in Table 5. In most of the subgroups, the correlation coeffi-
cient in these scatterplots is greater than 0.9.

5.1. The Midlatitudes
The midlatitudes from 388N to 558N correspond to intermediate salinity ranges (darker blue group in
Figure 7). The salinity varies from 35.1 to 36.3, d18O from 0.35 to 0.94&, and dD from 1.85 to 6.30&.
The linear regressions are d18O 5 0.47*S 2 16.06 and dD 5 3.39*S 2 116.7. The Y intercept of the d-S
relationships is not easy to interpret because this is a region where MW and E have similar magni-
tudes [Schmitt, 1995] and because average de and dp are difficult to estimate with the advection pro-
cesses carrying two contrasted water masses in the region. There is water from the lower latitudes
carried by the NAD, with 18O and D-enriched freshwater inputs, and water from the southern part of
the subpolar gyre carried by Ekman transport (eastward winds), with 18O and D-depleted freshwater
inputs. Minor contribution of local river inputs around the Iberian Peninsula, France and UK is also
expected. For these reasons, it is difficult to interpret the Y intercept value according to E, P, de, and
dp values. Therefore, our approach is to identify the main water masses affecting the system in the d-S

Figure 7. (a) d18O-S and (b) dD-S scatterplots of the North Atlantic for different subgroups
during the period 2010–2016. We do not calculate the linear regression for orange and
black groups due to their small range of variation. The right figure provides the location of
the samples in the different subgroups. Some samples are from the northwestern Mediter-
ranean Sea (purple).

Journal of Geophysical Research: Oceans 10.1002/2017JC012712

BENETTI ET AL. HYDROLOGICAL PROCESSES OVER THE ATLANTIC 4731



diagram. To identify the SPG source, we use the samples off the coast of Newfoundland with salinity
between 34 and 35 (SURATLANT cruises over the 2010–2016 period, cyan group in Figure 7). The lower lati-
tude sources carried by the NAD can be represented by the four samples (black group) with quite similar
salinity (36) and isotopic composition (�1& for d18O and �7& for dD) located West of the Azores Islands, as
well as two samples (light green) slightly north of Madeira Island with salinity about 36.5–36.6 and d18O
�0.86&, dD �6&. Considering these end-members, the observed d-S relationships of the midlatitudes is
quite consistent with the mixing between the two sources from high and low latitudes. To conclude, the
strong d-S linearity (r� 0.95) indicates a common origin of the water in this region, with decreasing salinity
toward the north, according to increasing dilution of the NAD water with water from the SPG including MW
from higher latitudes. Deviations to the regressions can be due to local freshwater inputs that are significantly
18O-enriched compared to the Y intercept (see the three local GNIP stations presented in Table 4: Altnabreac,
Brest and Faro). Two samples at salinity �35 are above the main regression: they are located on the shelf
Brest and must be influenced by local MW inputs (Figure 7).

5.2. The Tropical Atlantic Region
The Tropical Atlantic Ocean (red group in Figure 7) has been sampled mostly during April–May 2014 in the
region of the Guinea Gulf (PIRATA FR24) with the other measurements collected during the summer 2016
further west (Cap San Lorenzo). Salinity ranges from 32.55 to 36.53, d18O ranges from 0.55 to 1.06&, and dD
ranges from 5.24 to 7.95&. The Y intercept is 23.04& for d18O and 29.71& for dD. The correlation is rela-
tively weak despite the high salinity range with r 5 0.87 for d18O and r 5 0.60 for dD. The strong dispersion

Table 5. Linear Regressions for d18O-S, dD-S, and d18O-dD for the Eight Regions of Interesta

Region S-d18O S-dD d18O-dD Comments and Cruises

Intergyre area
(dark blue)

S 5 0.47
Y 5 216.06
R 5 0.96
n 5 67

S 5 3.39
Y 5 2116.7
R 5 0.95
n 5 67

S 5 7.09
Y 5 20.66
R 5 0.98
n 5 67

Without two coastal samples on the shelf
near Brest (influenced by local MW inputs)

Cruises
TARA 2013 (Dec and May)
Ovide 2010 and 2012 (Jun/Jul)
RARA 2015 (Jan and Jun)
Fleur Australe (Feb 2016)

Eastern NASTG
(light green)

S 5 0.28
Y 5 29.03
R 5 0.92
n 5 77

S 5 1.58
Y 5 250.57
R 5 0.86
n 5 77

S 5 5.80
Y 5 10.91
R 5 0.95
n 5 77

Cruises
STRASSE 2012 (Aug/Sep)
MIDAS 2013 (Mar)
RARA 2015 (Feb)

Tropical Atlantic
(red)

S 5 0.11
Y 5 23.04
R 5 0.87
n 5 41

S 5 0.45
Y 5 29.71
R 5 0.60
n 5 39

S 5 4.73
Y 5 2.16
R 5 0.80
n 5 39

Cruises
PIRATAFR24 2014 (Apr/May)
Cap San Lorenzo 2016 (Jul)
Cap San Lorenzo 2016 (Aug)

Western NASTG
(dark green)

S 5 0.32
Y 5 210.46
R 5 0.92
n 5 15

S 5 2.04
Y 5 265.80
R 5 0.90
n 5 15

S 5 6.36
Y 5 0.50
R 5 0.99
n 5 15

Cruises
RARA 2015 (Mar and May)
Colibri 2016 (Aug)

Med Sea
(purple)

S 5 0.21
Y 5 26.48
R 5 0.85
n 5 16

S 5 0.98
Y 5 229.15
R 5 0.76
n 5 16

S 5 5.07
Y 5 1.37
R 5 0.95
n 5 16

Without the two freshest samples
Including the two most saline samples

(LIW at 370 m and bottom sample at 2600 m)
Cruise
MOOSE-GE 2016 (May/Jun)

Amazon Basin
(yellow)

S 5 0.15
Y 5 24.29
R 5 0.99
n 5 6

S 5 1.10
Y 5 232.13
R 5 0.95
n 5 5

S 5 7.44
Y 5 0.12
R 5 0.98
n 5 5

Cruises
Toucan 2016 (Aug)
Colibri 2016 (Aug)

SW subpolar gyre
(light blue)

S 5 0.52
Y 5 217.87
R 5 0.95
n 5 58

S 5 3.51
Y 5 2121.60
R 5 0.95
n 5 58

S 5 6.57
Y 5 20.67
R 5 0.97
n 5 58

Without the three most depleted samples
affected by brines during winter

Cruise
Suratlant 2012–2016 (every 3 months)

Upwelling influence
(magenta)

S 5 0.35
Y 5 211.81
R 5 0.99
n 5 7

S 5 2.39
Y 5 280.70
R 5 0.98
n 5 7

S 5 6.86
Y 5 20.26
R 5 0.98
n 5 7

Cruises
RARA 2015 (Feb)
PIRATAFR24 2014 (May)

aThe five samples around the Brazil current (orange group without linear regression) have been collected in July and August 2016
aboard TOUCAN. LIW: Levantine Intermediate Water. The color indicated in bracket corresponds to the color in Figure 7.
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could reflect the variability of freshwater sources at the surface, for example between local rainfall and river
inputs.

In this region of high excess MW input, the Y intercept should be close to the isotopic composition of the
freshwater sources. We collected rain samples from the ship to estimate the marine precipitation end-
member (see Table 4 and Appendix A). Because the period of collection is short and does not represent an
annual average, we also use the annual average weighted by the precipitation rate from two land GNIP sta-
tions at Douala (Cameroon) and Cotonou (Benin) (see Table 4). The two stations are dominated by humid
air, limiting the reevaporation of rainwater, which is rather representative of marine conditions. We take the
average of the GNIP stations (rather similar values) and the ship collection to represent the dMW in this
region (dMW

18O 5 23.91& and dMWD 5 220.04&). Furthermore, we previously estimated an average value
of de in the Guinea Gulf from the PIRATA cruise (see Table 3). Figure 8a shows the two end-members and
the seawater d-S relationship over the tropical region, extrapolated to zero salinity. For both isotopes, the de

is lower than dMW and the Y intercept values for d18O-S and dD-S are higher than dMW. Therefore, from the
mixed case in Figure 1c, we conclude that the d18O-S and dD-S scatterplots indicate a major input of the
near-equatorial enriched MW, with a minor contribution of evaporation.

5.3. The Subtropical Atlantic Ocean
The subtropical gyre is a region where E is usually much larger than MW. Thus, in contrast to the previous
discussion, we expect that the Y intercept will be closer to de than to dMW . We divide the STG in two parts,
as the eastern and western part present different d-S relationships (Figure 7).

1. The eastern part. To estimate dMW in the East subtropical region, we use two GNIP stations from the
Azores Islands. The averaged rainwater isotopic compositions are very similar for the two stations (see
Table 4). In addition, the measurements in the surface atmosphere in the eastern part of the STG suggest
that de

18O (deD) was �–8 (–54)& during the winter 2015 (RARA 2) and �–5 (–31)& during the summer
2012 (STRASSE) (Table 3). We calculate the average from the two seasons to estimate the average de in
the region (de

18O 5 26.7& and deD 5 242.5&). Figure 8b shows the two end-members and the

Figure 8. Overview of the d-S relationship extrapolated to zero salinity with indications of the de and dMW values for (a) the tropical ocean
and (b) the eastern STG. (left) d18O and (right) dD.
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seawater d-S relationship over the eastern subtropical region. The de is lower than dMW, as was also found
in the tropical region but here the Y intercept values for d18O-S and dD-S are lower than de. Therefore,
from the mixed case in Figure 1c, we conclude that the d18O-S and dD-S scatterplots indicate a main con-
tribution of evaporation with a minor input of subtropical MW.

2. The western part. The water south of the STG is advected westward and skirts the Antilles archipelago
within a northwestward current (see schematic circulation in Figure 2). Along this path, its salinity
increases from �35.8 to �36.6 as a result of evaporation, and possibly entrainment of subsurface water.
However, this water mass presents a different d-S relationship than the waters further east (see Figure 7).
While the slopes are similar in the two regions, samples from the western part are shifted toward higher
isotopic compositions for a given salinity. In the western part of the gyre and especially in the Gulf
Stream area, MW inputs can be stronger and oceanic advection is more complex with additional water
coming through the Gulf of Mexico and with a contribution from the SEC (see Figure 2). For these rea-
sons, we are not able to provide a simple interpretation in the d-S scatterplots, as we did in the two pre-
vious regions by considering only two end-members. Nevertheless, we interpret the difference with the
eastern part of the gyre, in part as the result of input of enriched tropical meteoric water from the South
Equatorial Current and from the Amazon basin. Indeed, the GNIP data set shows that the average precip-
itation at Belem (Amazon estuary) is more enriched than the subtropical precipitation measured in the
Eastern part of the gyre and at Bermuda (see Table 4). Furthermore, the 2016 seawater sampling a little
bit north of the Amazon estuary (yellow group) is a good tracer of the Amazon freshwater source and
the six samples with salinity ranging from 30.48 to 35.22 confirm the possibility of enriched tropical
freshwater source affecting the western STG (higher Y intercept than in the eastern STG, Figure 7).

3. The STG of the South Atlantic. The few samples collected near 108S and 358W (orange group) represent
the water of the South Atlantic STG along the Brazil current. They are close to the STG relationship of the
Eastern North Atlantic, revealing similar processes in these two regions where E> P.

5.4. Tropical Upwelling Influence
A few samples have been collected around Cabo Verde during the RARA cruise (Winter 2015) and off Sene-
gal during the PIRATAFR24 cruise (Spring 2014) (magenta group in Figure 7). The salinity varies from 34.5 to
36.3 and the correlation with the isotopic composition is strong with r 5 0.99 for d18O and r 5 0.98 for dD.
These samples are located close to the Eastern STG samples (light green group), but do not follow the same
regression (they are slightly below) and are fresher. The two southernmost samples (S 5 35.62,
d18O 5 0.69&, dD 5 4.27& and S 5 35.63, d18O 5 0.73&, dD 5 4.72&) located at (�12–148N) could be
influenced by upwelled water in the Senegal-Mauritania upwelling, thus probably indicative mostly of South
Atlantic thermocline water having crossed the equatorial Atlantic. A little further north, the five samples
located around Cabo Verde are not very different from the two previous samples and might also have a sig-
nature of upwelled water originating mostly from the southern hemisphere. The influence of these upw-
elled waters is also found in the highest-salinity area of the STG during the STRASSE cruise. In this area
(square defined by 26.58N, 25.58N and 368W, 358W), the salinity ranges from 37.50 to 37.75 and the isotopic
dispersion is rather high (light green group in Figure 7). The spatial distribution (not shown here) reveals
that most of the depleted samples for S �37.65 are located in the left and bottom corner of the study area.
We know from salinity/temperature satellite measurements that this subarea was influenced by an eddy fil-
ament water coming from the south [Reverdin et al., 2015]. The present investigation suggests that this fila-
ment could carry upwelled waters, which probably has a slightly more depleted d value (see magenta
group). This is an example of how high-resolution isotope sampling can identify advection processes, even
if salinity variations are small.

5.5. The Mediterranean Sea
The western part of the Mediterranean Sea has been sampled during May and June 2016 (Figure 9). The sur-
face salinity varies between 36.2 and 38.4. The two most depleted samples are influenced by freshwater
inputs from the river Rhone. Two subsurface samples have been collected and correspond to the Levantine
intermediate water (LIW) (370 m, 38.59) and to the bottom layer (2600 m, 38.49). These two highest saline
samples, and in particular LIW, are influenced by the strongly evaporated surface water from the eastern
Mediterranean Sea. We also add two samples near Gibraltar Strait with salinity S 5 36.5 to represent the
source of fresher Atlantic waters. The d18O-S and dD-S linear relationships are presented on the scatterplots
of Figure 9. In order to characterize the evaporation process, we do not include the two samples strongly

Journal of Geophysical Research: Oceans 10.1002/2017JC012712

BENETTI ET AL. HYDROLOGICAL PROCESSES OVER THE ATLANTIC 4734



diluted with the waters from the River Rhone. The regressions are d18O 5 0.23*S 2 7.40 (r 5 0.97) and
dD 5 1.17*S 2 36.44 (r 5 0.94). No atmospheric measurements have been done during MOOSE-GE 2016 and
we cannot estimate de. Delattre et al. [2015] measured the isotopic composition of the water vapor in the
Rhone River delta (France) and record a strong variability of the isotopic composition of the ambient air in
this coastal Mediterranean region. Nevertheless, the Y intercepts are higher and the slope are lower than
those observed in the STG, suggesting a higher E:P ratio in the Mediterranean sea compared to the STG
(see the d-S distributions in Figure 7).

6. Quantitative Estimates of E:MW Ratio

The previous sections showed the efficiency of the d-S relationship to capture the different hydrological
conditions affecting the Atlantic Ocean and the Mediterranean Sea. In this section, we attempt to quantita-
tively estimate the ratio E:MW in different regions. For this purpose, we use the simple box model elabo-
rated by Craig and Gordon [1965] (see equations in Appendix B). The model estimates the E:MW ratio as a
function of the d-S relationship, de and dMW and with the following assumptions: it neglects the mixing
between different saline water masses, and it assumes that the salinity and the isotopic composition are in
stationary state and that the net fluxes of water are balanced by the seawater supplied in the system. The
model has already been applied in different regional basins [Ehhalt, 1969; Andri�e and Merlivat, 1989; Gat,
1996; Delaygue et al., 2001; Conroy et al., 2014]. Although these different studies show the role of the atmo-
spheric forcing E and P on the d-S surface relationship, they also reveal important limitations, such as the
difficulty to estimate de or multiple advection sources. Here we take advantage of a more complete data set
to revisit this model in two contrasted regions where the assumptions can be tested: (i) the eastern part of
the STG where E exceeds MW and (ii) the tropical Atlantic Ocean where MW exceeds E. The model, the
assumptions and the sensitivity tests, are fully described in Appendix B, while the main results are resumed
in the following.

In the subtropical region, the sensitivity of E:MW calculations to dp values is relatively weak, while it is more
sensitive to de value. Considering the average de over the eastern part of the STG (summer 2012 for
STRASSE and winter 2015 for RARA 2), the model provides rather similar E:MW estimations for both iso-
topes, where E is approximately as the double of MW. In the tropical ocean where MW exceeds E, the
method shows that the E:MW calculations are not very sensitive to de chosen (except when using the de

average from RARA 2, but these values are not representative on the conditions usually encountered close
to the equator), but are very sensitive to the dp estimations. Considering the average dp between the GNIP
land stations (Douala and Cotonou) and the marine precipitation in the Guinea Gulf, calculation results in
similar E:MW estimations for both isotopes, where MW is approximately twice as much as E.

To conclude, after careful considerations of the advection processes, this method gives consistent estimates
of E:MW ratio. Moreover, reducing the uncertainties on dp and de should provide precise estimations of the
E:MW ratio at the ocean surface. We consider that this method is promising with the better simulation of
the advective processes in oceanic models and with the increasing number of ship measurements that can
be used to estimate de.

Figure 9. The d-S relationships in the Mediterranean Sea. The River Rhone influence is represented by a black arrow. The purple samples represent the fresh Atlantic Water source with
salinity of �36.5. The LIW sample is the most saline sample (370 m, 38.59). The bottom sample is the second most saline sample (2600 m, 38.49).
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7. The Seawater d18O-dD
Relationship

The d18O-dD relationship in the
atmospheric portion of the hydro-
logical cycle is mainly governed by
the fractionation processes associ-
ated with evaporation and conden-
sation. From global surveys of
meteoric water (precipitation, conti-
nental runoff, and glacial meltwa-
ter), Craig [1961] defined a global
meteoric water line (GMWL) as
dD 5 8* d18O 1 10. At positive tem-
perature, equilibrium fractionation
of oxygen and hydrogen isotopes
during condensation occurs propor-
tionally with a factor of �8 (Figure
10). Accordingly, rain and residual
water vapor evolve along a slope of

�8. However, during pure kinetic fractionation, the evaporated water vapor evolves along a slope of �0.88,
as the relative humidity varies. Therefore, deviations from the GMWL in the water vapor or rainwater are
useful to investigate kinetic processes during reevaporation of rainwater [Dansgaard, 1964] or during evap-
oration at the ocean surface [e.g., Benetti et al., 2015]. To evaluate the contribution of kinetic processes,
Dansgaard [1964] defined the deuterium excess (d-excess) as dD-8*d18O. For example, low humidity at the
sea surface produces a strong kinetic isotope effect, leading to high d-excess in the evaporated water vapor
(Figure 10). Similar to rain and vapor, a d18O-dD relationship can be defined for surface seawater. From
global surface samples (upper 250 m) the relation is dD 5 7.37*d18O – 0.72 [Rohling, 2007; Schmidt et al.,
1999]. Here we investigate the regional variability of the seawater d18O-dD relationship over the surface
Atlantic Ocean. We then interpret this variability considering the fractionation processes associated with
evaporation and precipitation fluxes.

7.1. Variability at the Regional Scale
The same groups previously discussed are
now identified in the d18O-dD diagram
(Figure 11). The linear regression esti-
mated from the �300 samples is
dD 5 6.96 d18O – 0.44 with a very good
correlation coefficient (r 5 0.99). Despite
the diversity of the hydrological processes
of the study area, it is clear that the d18O-
dD relationship is more uniform com-
pared to the S-d18O and S-dD relation-
ships. However, deviations from this slope
can be detected at the regional scale. The
two most northern groups (most
depleted values), as well as the western
part of the STG, are closest to the main
regression line from the 300 samples. The
strongest deviations are observed in
the tropical ocean, the eastern part of the
STG and the Mediterranean Sea. We
found the lowest slope (4.73) in the tropi-
cal ocean and the second one in the Med-
iterranean Sea (5.07). The eastern part of

Figure 10. Evolution of the surface seawater in the d18O-dD space in a regime
dominated by evaporation. The red line is the Global Meteoric Water Line
(dD 5 8*d18O 1 10). The evaporated flux can have different deuterium excess
(d-excess), mainly as a function of the surface humidity, leading to different seawater
d18O-dD relationship in basins of excess evaporation (low humidity leads to lower
slopes). RH is relative humidity.

Figure 11. The d18O-dD relationship over the period 2010–2016. The black
line is the linear regression from the 300 samples (dD 5 6.96 d18O – 0.44,
r 5 0.99). The regional linear regressions are indicated with dashed lines and
their equations are presented in Table 2.
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the STG has a slope of 5.80, with some samples of the eastern STG very close to the Mediterranean data dis-
tribution. Note that the few fresh samples from the Brazil Coast (five samples, yellow), strongly affected by
the Amazon Basin MW inputs, also deviate from the main regression line.

7.2. Control of Atmospheric Water Fractionation Processes
In the following, we focus on the three main deviations from the main seawater d18O-dD relationship and
explore the relation with the atmospheric fractionation processes. We consider first the tropical ocean,
strongly affected by the MW inputs, as revealed by the d-S relationships. We now investigate how the low
d18O-dD slope observed at the sea surface results from the {d18O-dD} pair distribution of the MW inputs. For
this purpose, we simulate the slope in the d18O-dD diagram by diluting the saline end-member of the
region with different sources of precipitation. The saline end-member is represented at salinity 36.3 and cor-
responds to the saltier water mass carried by the SEC and along the North East Brazilian coast, as well by
the equatorial upwelling (see Figure B1b). The sources of precipitations we consider in the following discus-
sion are (1) the average of 39 samples collected in May 2014 during the PIRATA cruise, (2) the annual aver-
age weighted by the precipitation rate from a GNIP station at Douala (Cameroon), (3) the annual average
weighted by the precipitation rate from a GNIP station at Cotonou (Benin), (4) the annual average weighted
by the precipitation rate from a GNIP station at Kano (Nigeria). The simulated d18O-dD slopes for each MW
source are, respectively, (1) 5.80, (2) 4.99, (3) 4.81, and (4) 6.50. The slope simulated from the 39 rain samples
collected from the ship is too high and suggests that these samples are not representative of the MW affect-
ing the system. We also use one GNIP station at Kano, in the Sahel region, where reevaporation is expected
due to the influence of surrounding dry air [Risi et al., 2010], which could have induced a particularly low
observed d-excess (6.55&). This choice results in a too steep slope compared to what is observed. Then, we
use the annual average weighted by the precipitation rate from two GNIP stations at Douala and Cotonou.
The d-excess higher than 10 for the two stations reveal the weak impact of reevaporation of rainwater, con-
firming that both stations are rather representative of maritime conditions. The simulated slopes are lower
and much closer to the observed slope. We conclude that low slope observed at the surface tropical Ocean
can be reproduced with rainfall of high d-excess (close to �11&) and not too much depleted precipitation.
This implies that MW inputs over the tropical Ocean are mainly in equilibrium with the surrounding water
vapor, with very little reevaporation. This is expected in this region dominated by humid lower troposphere
air.

The two other strong deviations to the main d18O-dD relationship occurred in regions of excess evaporation.
The two relationships are shifted to the right compared to the global seawater line, with lower slopes (5.07
for the Mediterranean Sea and 5.80 for the Eastern STG). In this region of excess evaporation, we theoreti-
cally expect to record an influence of the kinetic conditions during evaporation at the ocean surface on the
d18O-dD seawater relationship. Figure 10 shows that the slope of the seawater data should become smaller
when evaporation occurs at low sea surface humidity (stronger kinetic effect). Here we conclude that (i) the
two lower slopes than the main d18O-dD relationship are due to the strong contribution of evaporation and
(ii) the difference between the two slopes is due to the difference of humidity at the sea surface in the two
regions. Indeed, the STG is dominated by the relatively humid oceanic trade winds while the Mediterranean
Sea is dominated by drier continental air masses, especially in the eastern part [Romanou et al., 2010], lead-
ing to a lower slope in the d18O-dD diagram. This result is consistent with the study of Delattre et al. [2015],
in which 36 days of measurements reveal an average d-excess of 21.9& in air masses from the Mediterra-
nean, largely higher than in the air masses from the North Atlantic (the average d-excess of the water vapor
was 10.3 6 2.9& during the STRASSE cruise, 11.2 6 1.4& during the PIRATA cruise and 11.6 6 5.1& during
the complete RARA cruise).

8. Conclusion and Outlook

This study contributes to the survey of the hydrological cycle variability [e.g., Durack, 2015] and improves
our understanding of water stable isotopes in term of freshwater tracers. From 300 new samples, we charac-
terized the surface d18O-S, dD-S, and d18O-dD relationships over a large part of the Atlantic Ocean that will
help to assess the oceanic modeling studies in which stable isotopes are implemented [e.g., LeGrande and
Schmidt, 2006; Xu et al., 2012]. The large spatial coverage indicates how the S-d distributions can be used to
identify different surface water masses and their horizontal advection (e.g., eddy features identified within
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the STG or path of upwelled water from the Mauritania-Senegal upwelling). We also showed that the d-S
distributions can provide information on the hydrological conditions, such as the dominant contribution of
E or P, but only after carefully identifying the seawater sources, as well as the values characteristic of the
evaporated and precipitated fluxes (de and dp). We showed that the different Y intercepts between the STG
and the Mediterranean Sea corresponds to a higher E:P ratio in the Mediterranean Sea compared to the
STG. One of the innovations of this study is to estimate de in different regions from 120 days of measure-
ments of the ambient air above the sea surface. Clearly, this value cannot be considered as an average value
of the de over the Atlantic Ocean and we encourage further measurements and comparisons with model
simulations to obtain a more significant average, as well as to estimate its temporal and spatial variability.
The data set underlines that the box model from Craig and Gordon [1965] should become an interesting
framework to diagnose an average E:MW ratio over a region, with the recent implementation of the iso-
topes of seawater in models, the huge improvement of simulating the oceanic advection and the multiplic-
ity of observations, both in seawater as in the water vapor above the ocean. Finally, we show the added
value of the d18O-dD relationship compared to the more often used d-S relationship. First, the relatively
high uniformity of the relationship, even in basins governed by different hydrological processes, is an
advantage for past salinity reconstructions using the modern d18O-dD relationship of surface seawater
[Fairbanks et al., 1997; van der Meer et al., 2007]. Then, in the tropical region where P exceeds E, the d18O-dD
distribution can be used to identify the MW inputs from its kinetic signature. Evaluating dp over the ocean
remains an important concern as data at sea are too sparse to provide reasonable average estimates as illus-
trated for the PIRATA FR24 cruise. In the regions where E exceeds MW, the d18O-dD distributions were effi-
cient to trace the humidity at the sea surface. This last property could be useful to trace paleo-humidity
over the ocean, sea, or lake.

Appendix A: Rain Measurements in the Guinea Gulf During the PIRATA FR24
Cruise

Table A1 presents the oxygen 18 and deuterium measurements of the 39 rain collected during the PIRATA
FR24 cruise from 1 to 20 May 2014.

Appendix B: Modeling Approach to Estimate E:MW

We use the simple box model elaborated by Craig and Gordon [1965] to calculate the E:MW ratio from the
surface d-S relationship. This modeling approach results in equation (B1), which can be reformulated as a
function of the slope of the d-S relationship to estimate the average E:MW of the basin (equation (B2)).

d 5 do1
S

So
21

� �
� do2 deð Þ1 de2 dMWð Þ

12 E
MW

� �
 !

; (B1)

E
MW

5
dd
dS :S02d01dMW

dd
dS :S02d01de

; (B2)

with So and do : salinity and isotopic composition of the seawater supplied the system, de and dMW : average
isotopic composition of the evaporated flux and MW, E and MW: average flux for evaporation and MW
input, dd

dS: slope of the d-S relationship.

Because this model is based on a unique seawater source (So and do), we only present E:MW calculations for
the eastern STG and for the tropical Atlantic ocean, as the assumption is harder to set in the other regions
of this study (see earlier sections and discussion on the advections). The determination of So and do is dis-
cussed in the following.

In the eastern STG where E exceeds P, the oceanic sources are waters from the north carried by the NAC
(black and blue samples in Figure B1a) and from the south or the east influenced by the upwelling
(magenta samples). Because these different water masses have similar properties in the S-d diagram, we
can consider a single oceanic source defined by the black star in Figure B1a.

In the tropical Atlantic Ocean where P exceeds E, two main water masses are advected into the region (Fig-
ure B1b). One brings waters from the south, carried by the SEC and along the North East Brazilian coast, and
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the other brings water carried by the equatorial upwelling. All these waters originate from regions of excess
evaporation and to simplify we identify a common saline end-member (S �36.3) of the tropical d-S relation-
ship (black star in Figure B1b).

Table B1 presents E:MW calculations for each area, using the linear regressions presented in Table 2 and
the oceanic source defined in Figure B1. In the subtropical region, this approach shows that the sensitiv-
ity of E:MW calculations to dp uncertainties is relatively weak. The method using the average de over the
eastern part of the SPG during Summer and Winter (STRASSE and RARA 2) provides reasonable E:MW
estimates for both isotopes, where E is approximately twice as much as MW. If one uses only summer de

value averaged over the STRASSE cruise, the estimations of E:MW are quite consistent for d18O as for
dD, but could be on the weak end, except for the calculation with the highest dp value. On the other
hand, using only the winter de value averaged over the RARA 2 period results in E:MW ratios different
for the two isotopes, both being too large. In the near-equatorial ocean where MW exceeds E, the
method shows that the E:MW calculations are not very sensitive to the de calculations (except when
using the de average from RARA 2, but these values are not representative on the conditions usually
encountered close to the equator). In the following, we use the average de in the Guinea Gulf (PIRATA
FR24). The calculation using the average dp (Douala, Cotonou, and Guinea Gulf) results in similar E:MW
estimations for both isotopes, where P approximately doubles E. The similar E:MW estimated for the
two isotopes is also found for other dp and are very sensitive to the choice of the dp value. Thus, while
the values based on the average rain from the ship results in E:MW larger than 0.90, choosing the

Table A1. Sea Rain Water Isotopic Data Collected During the PIRATA Cruisea

Time Latitude Longitude Oxygen 18 (&) Deuterium (&) d-excess (&)

4 May 14 5:24 A.M. 0.07 29.91 23.99 221.79 10.13
4 May 14 2:14 P.M. 0.02 29.63 25.17 227.49 13.88
4 May 14 2:19 P.M. 25.36 229.71 13.18
4 May 14 2:20 P.M. 25.58 231.71 12.95
4 May 14 2:24 P.M. 25.65 231.35 13.84
4 May 14 2:25 P.M. 25.75 234.01 12.02
4 May 14 2:29 P.M. 25.58 234.69 9.91
4 May 14 5:29 P.M. 0.00 29.11 26.58 249.55 3.10
6 May 14 1:54 A.M. 0.00 23.67 23.85 220.07 10.71
6 May 14 2:09 A.M. 24.22 225.29 8.47
6 May 14 2:14 A.M. 24.61 228.46 8.43
6 May 14 2:29 A.M. 0.00 23.57 25.21 232.58 9.14
6 May 14 2:39 A.M. 24.79 227.25 11.05
6 May 14 2:49 A.M. 24.14 222.84 10.28
6 May 14 2:50 A.M. 24.05 222.90 9.53
6 May 14 3:25 A.M. 0.00 23.40 25.99 240.70 7.23
6 May 14 7:54 A.M. 0.00 22.62 24.05 222.25 10.16
6 May 14 8:00 A.M. 25.27 229.89 12.28
6 May 14 8:04 A.M. 24.80 227.11 11.33
6 May 14 8:05 A.M. 24.38 226.18 8.83
6 May 14 8:16 A.M. 24.43 224.57 10.87
6 May 14 8:21 A.M. 24.61 224.88 12.04
6 May 14 8:29 A.M. 24.74 226.77 11.18
6 May 14 7:54 P.M. 0.00 22.58 26.62 237.68 15.26
6 May 14 8:15 P.M. 29.74 263.63 14.32
6 May 14 8:19 P.M. 210.61 272.17 12.70
8 May 14 6:39 P.M. 20.57 0.93 24.91 228.27 11.05
8 May 14 6:53 P.M. 26.89 247.31 7.82
8 May 14 7:02 P.M. 24.81 229.17 9.28
10 May 14 6:13 A.M. 25.00 8.12 24.64 224.86 12.25
10 May 14 6:20 A.M. 22.03 24.21 12.03
10 May 14 6:21 A.M. 22.17 28.60 8.80
10 May 14 1:30 P.M. 25.00 9.46 20.08 11.03 11.66
10 May 14 1:32 P.M. 20.36 9.79 12.70
10 May 14 2:26 P.M. 25.00 9.64 0.09 11.34 10.58
20 May 14 2:57 A.M. 4.67 24.00 25.01 221.42 18.63
20 May 14 3:04 A.M. 25.63 225.08 19.93
20 May 14 3:24 A.M. 25.93 234.63 12.77
20 May 14 3:44 A.M. 24.63 224.36 12.66

aThe 39 samples have been collected during the 20 days of the cruise.
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Figure B1. Two regions where the assumptions of the Craig and Gordon’s [1965] box model can be tested. Multiple advections sources are highlighted for (a) the eastern part of the STG
(black, blue, and magenta samples) and (b) the tropical Atlantic Ocean (mostly East) (yellow and red samples). The black star represents an assumed single seawater source for the region
(So, do). The seawater samples in each region are in (a) green and (b) black.

Table B1. Calculation of the E:W Ratio in Function of dp and de for (A) the Eastern STG and (B) the Atlantic Tropical Oceana

(A) Case of the Eastern STG

(dp
18O, dpD)

–SD Average 1SD

(–4.82, 228.9) (–3.92, 222) (–3.02, 215.1)

(de
18O, deD) Summer (–5.05, 231.02) 1.05/1.08 1.23/1.33 1.42/1.59

Winter (–8.30, 254.06) 3.18/7.03 3.74/8.69 4.30/10.34
Average (–6.68, 242.54) 1.58/1.85 1.85/2.31 2.13/2.75

(B) Case of the Atlantic Tropical Ocean

(dp
18O, dpD)

Guinea Gulf in
May (Ship)

Annual Average
(Douala and Cotonou) Average

(–4.79, 226.96) (–3.02, 213.10) (–3.92, 220)

(de
18O, deD) Guinea Gulf (–4.94, 227.27) 0.93/0.96 0.08/0.26 0.50/0.61

Summer STG (–5.05, 231.02) 0.88/0.82 0.07/0.22 0.48/0.52
Winter STG (–8.30, 254.06) 0.35/0.41 0.03/0.11 0.19/0.26

a(A) The intermediate dp value is the annual average from the two land GNIP stations near the Azores Islands. The extrema values are estimated
by adding or subtracting to the annual average one standard deviation of the seasonal variability. Only de values corresponding to the Eastern
part of the STG are presented (the summer STRASSE cruise, the winter RARA 2 cruise, and the average of both cruises). (B) The dp are estimated
from the ship measurements in the Guinea Gulf during the May PIRATA cruise and from the two GNIP stations at Douala (Cameroon) and
Cotonou (Benin). The last column is the average of the two values. The de has been measured in the tropical region only during the PIRATA cruise
(Guinea Gulf). We also indicate the calculations with the de measured in the subtropical region, to evaluate the calculation sensitivity to de.

Journal of Geophysical Research: Oceans 10.1002/2017JC012712

BENETTI ET AL. HYDROLOGICAL PROCESSES OVER THE ATLANTIC 4740



average from the two GNIP stations results in E:MW 5 0.15. This large sensitivity to dp results from dp

being close to de.
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