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An oxygen isotope data set for marine waters
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Abstract. The proportion of '*O in a sample of seawater is an excellent tracer of its past history
as, away from the surface, it is conservative and also nondynamical. The range of values in source
waters is also large, and the accuracy achievable in modern measurement high. Here we bring
together for the first time a global data set of over 6000 individual measurements from the past 40
years. The properties of this data set are described. Noteworthy features include the hitherto
unnoticed, but distinctive, contribution of North Pacific Upper Water to the 5'®0:salinity
relationship, and different origins of the deeper waters of the Atlantic and Pacific Oceans. We also
make a plea here to the international community to contribute unpublished data to the archive for

the use of all.

1. Introduction

Since the pioneering work of Epstein and Mayeda [1953] and
Craig and Gordon [1965] (henceforth known as CG), it has been
known that the proportion of H,0'® in seawater is a very good
tracer of water mass origin. In standard mean ocean water
(SMOW) the atomic ratio of '*0/'°0 is (2005.20£0.45)x10°
[Baertschi, 1976], but, measured in terms of

(‘80/‘6O)sample - (180/]60)SMOW
(*0/"0)svow i

5" 0= 1000 (M
3'%0 can vary from below -20%o in the runoff from polar
landmasses to over 2%o in highly evaporative, semienclosed
basins such as the Red Sea. Modemn stable isotope mass
spectrometry is such that 3'%0 can be measured to an accuracy,
and precision, of 0.03%o [Frew et al., 1995], giving it a similar
range and accuracy to that other well-used conservative tracer,
salinity. Salinity and 8'%0 are related through both being altered
in surface waters by evaporation (CG). However, 3'®0 has some
advantages over salinity in that it is a tracer following the water
itself and is not dynamically active. Thus while there are strong
relationships between salinity and 8'®0, these vary regionally
[CG; Ferronsky and Brezgunov, 1982], seasonally [Fairbanks,
1982; Strain and Tan, 1993], and probably on longer timescales
[Rohling and Bigg, 1998]. Another way in which 3'%0 differs
significantly from salinity is that inputs of freshwater to the ocean
always have the same salinity of nearly 0 psu but widely differing
values of 8'30, whether due to precipitation [Dansgaard, 1964],
river inflow [Mook, 1982], or glacier calving (CG). Even melting
sea ice shows differing character. Its salinity may vary from 5 to
15 psu [Pickard and Emery, 1982], depending on the rapidity of

initial freezing, but its 5'%0 value will be essentially unchanged
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from that of the water from which it froze [Tan and Strain, 1980].
Thus both freezing sea ice and the brine rejected from it will have
a flat salinity-8'%0 relationship because of this essential 3'*0
invariance under freezing.

The relative difficulty of measuring 3'®0, and its seeming
similarity to salinity has, however, meant that far fewer 31%0
measurements are available for the ocean. These have been
scattered amongst dozens of sources, some unpublished, since the
original analyses of Epstein and Mayeda [1953]. There has not
yet been a major effort to bring all the data together. The strong
mixing of fresh and ocean waters in the coastal environment has
long been recognized as a place where oxygen isotopic
measurements can clearly delineate water mass formation
processes [Fairbanks, 1982]. Only more recently has it been
realized that, in addition to providing additional information, the
sensitivity of 8'%0 can be greater than that of salinity in the deep
ocean [Frew et al., 1995]. We have therefore attempted to gather
together as much marine oxygen isotopic data as possible to
provide a data set of potentially wide use within the
oceanographic community. Such a data set can also provide much
needed oceanic boundary conditions for the increasing
employment of H,O'® as a tracer within atmospheric circulation
models of the present day [Joussaume et al., 1984; Jouzel et al.,
1987; Hoffmann and Heimann, 1993] and for understanding the
link between precipitation and oxygen isotopes during glacial
periods [Joussaume and Jouzel, 1993; Hoffmann and Heimann,
1997]. Ocean models are also beginning to use this tracer to
investigate the influence of advection on the salinity-§'°0
relationship [Schmidt, 1998] and will require both validation and
initialization.

In the following section we will describe the sources,
strengths, and limitations of the data set. We then show some
standard oceanic profiles to illustrate the robustness of the data
and the presence of major features one would expect to find, such
as the North Atlantic Deep Water signal. The data set has hidden
riches, however, and so we next explore one of these, namely
evidence for shallow convection at the subtropical-polar
boundary in the Northwest Pacific.
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Table 1. Sources of Marine 8'°0 Database

Source
No. Reference No. points Comments
1 Weissetal [1979] 28 Weddell Sea; summer 1973; full depth
2 Epstein and Mayeda [1953] 82 Global; unknown dates; full depth?
3 Bedardetal [1981] 8 Baffin Bay; unknown year; near surface
4 Van Donk and Mathieu [1969] 11 Arctic; unknown month; full depth
5  Tan and Strain [1980] 19 Baffin Bay; summer 1977; full depth
6  Ostlund and Hut [1984] 25 Arctic; summer 1981; full depth
7 Duplessey et al. [1981] 9 Indian; summer 1976; surface
8  Merlivat et al. [1987} 1 Pacific; unknown date; deep ocean
9  Moore et al. [1983] 4 Arctic; spring 1979; near surface
10 Vetshteyn et al. [1976] 33 Arctic; winter; full depth
11 Frohlich et al. [1988] 36 Baltic; summer 1983; full depth
12 Andrie and Merlivat [ 1989] 78 North Atlantic; unknown date; full depth
13 Kipphut [1990] 19 North Pacific; autumn 1982; full depth
14 Pierre et al. [1991] 68 South Atlantic; summer 1987; full depth
15 Swart [1991] 18 Black Sea; summer 1988; upper ocean
16 Létolle et al. [1993] 19 Arctic; autumn 1989; near surface
17 MacDonald et al. [1995] 3 Arctic; through 1991; surface
18  Stenni et al [1995] 419 Mediterranean; spring 1988; full depth
19 Bauch et al. [1995] 489 Arctic; summer 1987 and 1991; mostly
upper ocean but occasional deep
profiles
20  Ostlund et al. [1987a] 40 Arctic; spring, several years; full depth
21 Gatetal [1996] 111 Mediterranean; various times; full depth
22 Khim and Krantz [1996] 2 North Atlantic; averages; surface
23 Tan and Strain [1996] 39 Hudson Bay; summer 1982; surface
24 Grebmeier et al. [1990] 70 Arctic; summer 1987/1988; mostly upper
ocean
25  Weppernig et al. [1996] 340 Weddell Sea; autumn 1992; full depth
26  Ostlund et al. [1987b] 724 Global (GEOSECS); various times; full
depth
27 Azetsu-Scott and Tan [1997] 36 North Atlantic; autumn 1993; upper
ocean
28  Archambeau et al. [1998] 224 South Atlantic; unknown time; full depth
29  Pierre [1999] 304 Mediterranean; various times; full depth
30  Craig and Gordon [1965] 95 Global; unknown time; full depth,
interpolated from figures
31  Heywood et al. [1998]; Frew et al. [2000]; 1161 Atlantic and Indian; various times; full
Meredith et al. [1999a] depth
32 Cooperetal [1997] 1314 Arctic and North Pacific; various times;
full depth
33 Pierreetal [1994] 93 North Atlantic; winter 1991; full depth
34 Wellington et al. [1996] 27 South Pacific; various times; surface
35  Meredith et al. [1999b] 197 South Atlantic; spring 1994; full depth
36  Grossman [1984] 18 North Pacific; unknown times; full depth
37 Mook [1982] 210 Global; various times; surface

*The conversion of Epstein and Mayeda’s [1953] & to SMOW is 87°0=1.035(8+0.2)+0.13.
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Figure 1. Geographical distribution of oxygen isotope data. Each dot represents at least one data point within the 1°

latitude x 1° longitude polygon.

2. Compilation of the Data Set, and Geographical
Properties

The marine 3'°0 database currently consists of 6474 separate
observations from 37 different sources (Table 1). These cover
almost 50 years of sampling, spanning the whole of the global
ocean from the central Arctic to the Weddell Sea and from the
surface to the deep ocean trenches. Nevertheless, both the spatial
and temporal coverage is far from complete. In addition, the
precision of data has varied over time, and not all of the data was
available in tabular or digital form, nor was it always precisely
geographically or temporally located. Where data were
interpolated from graphs (see Table 1) the accuracy is +0.1%o and
the horizontal position is normally known to within 1° of latitude
or longitude. In the vertical the 33 standard depths of the Levitus
hydrographic climatology [Levitus et al., 1994] have been used
for later analysis. Any vertical interpolation required from graphs
was accurate enough not to lead to an incorrect standard level
being assigned to the data point in this later analysis. If the month
and year of observation is not known, then a midsummer month
(hemispheric dependent) is attached to the data point, in a year
just prior to that of publication of the source. Such data points
were flagged, as their use in studies of temporal variation will be
suspect. Occasional anomalies were found: where these were not
clearly typographical errors, or could not be checked with the
original author, the data were excluded from the database. More
details about the individual sources can be found in Table 1.

The geographical distribution of the data points is shown in
Figure 1. While certain regions, such as the Mediterranean and
the Arctic, are quite well covered, there are large data sparse areas
in the South Pacific, the Indian Ocean, and the western Pacific.
Even the surface Atlantic is rather poorly sampled, although its
deeper coverage is better. Figure 2 shows the sample density with

depth. The surface waters are by far the best sampled, with
approximately 850 values globally, but most levels have in excess
of 100 samples, except for the levels in the depth range 1100-
1400 m and deeper than 5000 m. Temporally, the great majority
of data have been taken in the summer or autumn (Table 1).
Therefore a full seasonal cycle can only be reliably constructed in
the Adriatic [Stenni et al., 1995] and the Bering Strait [Cooper et
al., 1997] and at a few river outflows [Mook, 1982].

The link between salinity and 8'30 is strong because both are
affected, in surface waters away from the influence of melting and
freezing, by precipitation and evaporation. However, CG showed
that there is a large geographical variation in this relationship,
with a much weaker slope between the two variables in the
equatorial and polar regions than in midlatitudes, for different
reasons. Rohling and Bigg [1998] have argued that the form of
this relationship, and its zonation, may change over the glacial
cycle, if not shorter timescales. A scatterplot of the appropriate
seasonal Levitus et al., [1994] salinity versus 5'%0 for the global
data set is shown in Figure 3a. Regions with salinities outside the
normal oceanic range [32.0, 40.0] have been excluded, to remove
clear riverine influence. The classical extratropical mixing line
shown by CG, and reproduced in the modeling work of Schmidt
[1998], is seen in the middle of Figure 3. Equatorial surface
points also tend to lie along a line with weak slope just above
0%o, as shown by CG.

However, a number of other patterns are also evident. There is
a break in the slope of the mixing line near 36.5 psu. At higher
salinities the slope is less steep: this is because of mixing between
intermediate waters of Mediterranean origin (salinity ~ 39.0 psu,
80 ~ 1.5%0) and Mode Water from the subtropical North
Atlantic (salinity ~ 36.0-36.5 psu, 80 ~1.0%0). Careful
inspection of Figure 3a shows a similar, but much less data rich,
offset in the Indian Ocean (relevant points marked by &). Here
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Figure 2. Histogram of number of data points in each level [see Levitus et al., 1994].
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Figure 3. Scatterplot of data points with a salinity S > 32.0 psu and 8'®0 > -4%o. The salinity used is always that
from Levitus et al., [1994] for consistency. The CG extratropical mixing line, with a slope of dd'®0/dS=0.60, is
clearly distinguishable near S=34.5 psu. The data points are coded as open circle, equatorial (£10°); solid circle,
polar (>}£65°)); circle with four points' North Atlantic (80°W-20°E); asterisk, North Pacific (110°E-90°W); circle
with cross, South Atlantic (70°W-20°E); square, South Pacific (150°W-70°W); null symbol, Indian Ocean (20°E-
120°E, 60°S-30°N, excluding equatorial strip); solid circle with bar, Mediterranean (0°-40°E, 30°-45°N). Points
falling within the equatorial and polar categories are not included in the remaining regions. (a) All data and (b) data
from deeper than 1000 m. Note the discontinuity in the mixing line around 34.8 psu in Figure 3b: higher salinity
points lie on a Mediterranean-Mode Water mixing line, and lower salinity points involve mixing with Antarctic
Intermediate Water.
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Figure 3. (continued)

there is a high salinity, high 8'0 source of intermediate water in
the Red Sea (salinity ~ 39.5 psu, 8'%0 ~ 1.5%0) mixing with
Intermediate Water deriving from the Southern Indian Ocean
(salinity ~ 36.5 psu, 5'30 ~ 0.8%o).

The slope discontinuity is supported when viewing only data
from 1050 m or deeper (Figure 3b). This latter figure shows other
points of interest. The steep mixing line found by CG between
North Atlantic Deep Water (NADW; salinity ~ 34.95 psu, 5'°0 ~
0.0%o0) and Antarctic Bottom Water (AABW; salinity ~ 34.65 psu,
530 ~ -0.6%o) is now clear. However, separation of the data from
waters deeper than 2500 m in the Atlantic (Figure 4a) and Pacific
(Figure 4b) reveals a different relationship in each basin. In the
Atlantic (Figure 4a) the deep water mixing line is two-pronged,
due to the combined contributions of AABW and Antarctic
Intermediate Water (AAIW; salinity ~ 34.2 psu, 8'%0 ~ -0.3%o):
the classical extratropical mixing line of CG (Figure 3a) is thus a
result of direct mixing of only AAIW and NADW. In the Pacific
the deep waters are much better mixed with respect to salt than in
the Atlantic [Reid, 1997]. In Figure 4a the mixing line is
essentially along the 34.7 isohaline, with the southwest Pacific
tending to be 0.03-0.04 psu saltier than the rest of the basin
(saltier squares in Figure 4b). However, Figure 4b does show two
features in the north (asterisk) and southeastern (fresher squares)
Pacific. One is a detectable difference in the contribution of
AABW to water characteristics (visible in the amount of *O
depletion between 0.0 and -0.25%o). The other is a distinct
combination of AAIW and NADW (near 34.65 psu) that is ~ 0.05
psu fresher than the endmember of this mixing for the deep
waters of the Atlantic (see Figure 4a). Henceforth this
combination will be called Circumpolar Deep Water (CPDW).
The 8'%0 may therefore be a useful tracer for the deepwater
circulation of the Pacific, although it is worth noting the high
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Figure 4. Scatterplot of data points from deeper than 2500 m
with a salinity S € [34.5, 35.5]: (a) Atlantic Ocean and (b)
Pacific Ocean. For code to regional symbols see Figure 3. Note
the outliers with very depleted 3'%0 from the Gulf of Alaska in
Figure 4b.
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Figure 5. Contour diagram of surface 5'%0 distribution. The very '®0-depleted river outflows are not shown for
clarity; similarly contouring ceases below —2%o because of the sharp gradients in the Canadian Arctic and above
1.5%0 because of the figure’s resolution of the Mediterranean. Note the maxima in western boundary currents,
where '®0-enriched subtropical water is advected poleward, and the minima in the Californian Coastal Current
stemming from the Gulf of Alaska. Data points on which the contouring is based are shown as an asterisk. There are

too few in the western Pacific to resolve the Kuroshio.

precision that must be achieved in measurement to extract a
signal here. Currently, however, there are only a handful of data
points that could be used for this purpose.

3. North Pacific
3.1. Shallow Convection in the North Central Pacific

The full data set (Figure 3a) also shows a mixing line not seen
by CG, Ferronksy and Brezgunov [1982], or Schmidt [1998].
This is between fresh, 8'%0-enriched water (North Pacific Upper
Water (NPUW) - salinity < 32.5 %o, 8'%0 ~ 0.9 %o) and a region
of the main mixing line (salinity ~ 34.2 %o, 8'®0 ~ -0.3 %o). This
freshness indicates mixing that originates within the upper
thermocline (shallower than 100 m; compare with the much
deeper CPDW discussed above) and north of the Kuroshio
extension. Note also that the NPUW cannot have come from the
main convection region of the northern Pacific, the Sea of
Okhotsk. This is because the latter’s outflow extends too deeply
(typically to og ~ 27.0 kg m> [Freeland et al, 1998] or
sometimes as deep as 27.4 kg m> [Talley, 1991]) and the
seawater is depleted, rather than enriched, in 3'®0 throughout this
region (G. Winkler, personal communication, 1999).

While the northwest Pacific is very data scarce (Figure 1), this
NPUW appears to originate from shallow winter convection at,
and north of, the boundary of the Kuroshio extension in the North
central Pacific and the subpolar gyre. This is in the region of the

outcropping of the 65=26.0 kg m™ isopycnal [Reid, 1997]. Note
also the consistency with the clear recent atmospheric exposure of
the water around 100 m shown by CFC measurements along
47°N [Warner et al., 1996]. Normally, subpolar waters have low
surface 8'%0 because of very isotopically depleted precipitation
[Dansgaard, 1964]. However, western boundary current
advection of subtropical waters, which have high §'*0 because of
the excess evaporation in their source region, alters this surface
tendency, as is best illustrated in the Atlantic because data are
very scarce in the western Pacific (Figure 5). Only in the
approaches to the Bering Sea is there sufficient data to show
some evidence for this interpretation. Tomczak and Godfrey
[1996] show a northward moving arm of the subpolar gyre at
around 170°W that could transport some of this 8'®0-enriched
water. In Figure 6 we show a typical upper ocean vertical profile
from near the Amchitka Pass, through which a strong current
advects Pacific water into the Bering Sea [Reed, 1990; Overland
et al., 1994]. Unlike most of the region (see Figure 5) there is
5'30-enriched water in this area that can only have come from the
south. More observations of 3'®0 in the northwest Pacific are
required to confirm this hypothesis.

3.2. Gulf of Alaska

A distinct anomaly is apparent in most of the figures
containing data from the Pacific but it is particularly well
illustrated by Figure 4b, giving the deep Pacific data. Two data
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Figure 6. Vertical profile of 3'*0 data from Cooper et al, [1997] at ~(54.4°N, 165.2°W) (data points shown as
solid circles).
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Figure 7. Vertical profile of 8'30 data from Kipphut [1990] at ~(57°N, 147°W) (data points shown as solid
squares), contrasting with a typical southern Bering Sea [Cooper et al., 1997] profile from near the Aleutians at
(53°N, 177°W) (data points shown as small dots ) and a subtropical North Pacific profile [Ostlund et al., 1987b] at
(23°N, 122°W) (data points shown as large solid circles).



8534

points have the same salinity as the rest of the basin, but
extremely depleted 8'80 values of ~ -1.2 %o. These, plus
shallower, points are also clearly seen as isolated points in Figure
3b. A number of even shallower points from the North Pacific
with similar oxygen isotope values, but lower salinities, are seen
in Figure 3a. These data points originate from the Gulf of Alaska,
from observations taken in the late summer of 1982 and 1983
[Kipphut, 1990] and have been verified by the original author.

A vertical profile of these points is shown in Figure 7, along
with a typical profile from the Bering Sea just north of the
Aleutians [Cooper et al., 1997] and a subtropical North Pacific
profile [Ostlund et al., 1987b]. While the upper ocean data from
Kipphut [1990] are not dissimilar from coastal values around
Alaska (Figure 5), the data are clearly much more depleted than
would be expected from samples collected in the rest of the deep
North Pacific (Figure 4b). There may be an artificial offset of
about -1%o throughout these Gulf of Alaska data. The only
possible nearby convection site [Warner and Roden, 1995] with

depleted surface waters is in the Bering Sea, where the §'°0O-
depleted surface waters are restricted to the Alaskan shelf (Figure
5). There is, however, no evidence in the extensive data set from
the main Bering Sea (see Figure 1) for very 8'80-depleted water
at any subthermocline level above the deepest sill connecting the
sea to the North Pacific through the Kamchatka Strait. Local deep
convection is theoretically very improbable [Warren, 1983].
There is no clear spreading of the isotopically depleted water
beyond the Gulf of Alaska. While there is strong interannual
modulation of intermediate level convection in the Northeast
Pacific, the deepest reported depth of this is to a o of 27.2 kg m’
in 1984-1985 [Van Scoy et al., 1991]. Resolution of the reality of
this anomaly awaits a future observational programme in the very
poorly sampled northeast Pacific.

4. Conclusions

We have gathered together a large database of published
oxygen isotopic data and have illustrated some uses of this tracer
that complement more traditional tracers such as salinity or
oxygen. The geographical and temporal coverage of the database
is still far from adequate for a true global description of 5'%0.
However, some of the areas needing additional coverage can be
readily identified from our discussion and include much of the
northern Pacific, the surface Atlantic, and the Southern Ocean.
We make a plea here to the international community to contribute
unpublished data to the archive for the use of all. A web site
where published data or unpublished data released by agreement
with investigators, is in the process of being set up in
collaboration with Gavin Schmidt of the NASA Goddard Institute
for Space Studies. It will be accessible from
http://www.uea.ac.uk/~€930/0xy18.html.

Oxygen isotopes, in conjunction with salinity data, have
traditionally been very good tracers for the intermixing of ocean
waters with runoff, sea ice melting, and brine release caused by
sea ice formation. However, we have shown that more recent use
of this conservative variable to track water masses also reveals
new information about even large-scale mixing processes. The
5'%0 highlights a distinct difference between the contributions of
AAIW and NADW to producing the intermediate and deep waters
in the Atlantic and Pacific. It also shows widespread influence in
the North Pacific of thermocline water originating from the
subpolar gyre boundary in a way not appreciated in previous
isotopic studies.
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