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The oceans are a global reservoir and redistribution agent for
several important constituents of the Earth’s climate system,
among them heat, fresh water and carbon dioxide. Whereas
these constituents are actively exchanged with the atmosphere,
salt is a component that is approximately conserved in the ocean.
The distribution of salinity in the ocean is widely measured, and
can therefore be used to diagnose rates of surface freshwater
fluxes', freshwater transport” and local ocean mixing’—import-
ant components of climate dynamics. Here we present a com-
parison of salinities on a long transect (50°S to 60°N) through
the western basins of the Atlantic Ocean between the 1950s and
the 1990s. We find systematic freshening at both poleward ends
contrasted with large increases of salinity pervading the upper
water column at low latitudes. Our results extend a growing body
of evidence indicating that shifts in the oceanic distribution of
fresh and saline waters are occurring worldwide in ways that
suggest links to global warming and possible changes in the
hydrologic cycle of the Earth.

The properties of Atlantic water masses have been changing—in
some cases very much—over the five decades for which reliable and
systematic records of ocean measurements are available. Careful
analyses of observations have together revealed much about the
magnitude, timing, and spatial scales of variability, and established a
framework for interpreting the dynamics and kinematics under-
lying those changes*'°. Building upon these studies and the
lengthening timeline of observations, we have evaluated the time
evolution of Atlantic salinities and find evidence for long-term and
large-scale changes that appear to be organized, at least in part,
around the structure of the hydrologic forcing as reflected in the
evaporation minus precipitation (E-P) distribution.

We first present the large-scale differences in salinity that arose
between the late 1950s and the 1990s along a particular transect
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through the deep basins of the western Atlantic from 50°S to 60° N
(black line in Fig. 1c). This line was chosen with some care. It spans
the maxima and minima of E-P in both hemispheres'"'> (Fig. 1d).
As shown, the E-P maxima underlying the trade-wind belts north
and south of the Equator are separated by a belt of net precipitation
associated with the intertropical convergence zone; a third E-P
maximum follows the axis of the Gulf Stream. The main features of
the surface salinity distribution result in large part from that E-P
distribution, so our transect crosses the regions of maximum
salinity in the subtropics of both hemispheres as well as the surface
salinity minima along the Equator and at both poleward ends of the
line (Fig. 1c).

Figures 1b and 2b show the differences in salinity observed along
this transect for the time period 1985-99 compared to 1955-69 as
functions of density and depth, respectively. The corresponding
average distributions of salinity along this transect for the time
period 1985-99 are also shown; all are annotated to indicate the
locations of water mass types to which we shall refer. Along the
section as a whole (Figs 1b and 2b), we find evidence of freshening
over much of the water column at both poleward extremities of the
section. In the intervening tropics and subtropics, we find that the
upper ocean became more saline. These changes break down as
follows.

North of 40°N the Atlantic water column became fresher by
approximately —0.03 p.s.u. on average, reflecting the sustained
freshening of LSW (see Fig. 1 legend for names of all water masses),
but also of the products of Faroe-Shetland and Denmark Strait
overflow from the Nordic seas which underlie it (that is, NEADW
and DSOW)*.

Towards the southern limit of the transect, the water masses that
outcrop in the regions where precipitation dominates—nominally
south of 25° S in the western South Atlantic (see Fig. 1d)—have also
freshened. Over the 40-yr record, the ventilated thermocline waters,
in the neutral density range v, = 25.5-27.0kgm >, became less
saline by more than —0.2 p.s.u.. The underlying AAIW and UCDW
also show evidence of freshening, but at a comparatively reduced
level of about —0.02 p.s.u.. A lack of deep-ocean measurements
southward of 32°S in the earlier time frame precludes assessing
changes below 3,000 m there.

In the waters of the tropics and subtropics, salinity increases
observed over this period are greatest in the upper 500 m. Salinities
increased by +0.1 to +0.4 p.s.u. over four decades in all Atlantic
waters exposed to the atmosphere in the high-evaporation regions
between 25°S and 35°N, corresponding to the density range
Yn = 23.0-25.0kgm " >. Immediately underlying this layer, the
subsurface thermocline waters in the density range v, = 25.5-
27.0kgm > became similarly more saline in the Northern Hemi-
sphere. These are the SMW, whose properties are set at the sea
surface in the eastern basin between 20°N and 30°N by hot, dry
easterly winds from the African continent. From this source, SMW
circulate westward in accordance with ventilated thermocline
theory into the Caribbean and western North Atlantic'> where
they are no longer in direct contact with the atmosphere, but are
easily identified by a salinity maximum at depths of 100-300 m. In
the South Atlantic, by contrast, maximum salinities are found at the
sea surface on the western side of the basin (see Fig. 1¢).

Although rising salinities are largely a feature of the low-latitude
upper ocean, we find also some increase at depth between 25° S and
40°N. Centred on the neutral density level y,, = 27.8 kgm 7, these
elevated salinities correspond to the mixture of Atlantic and
Mediterranean water masses that occupies depths 1,200-1,500 m,
immediately overlying the UNADW. A 40-yr trend towards
increased salinities has been documented in the deep waters of
the Mediterranean Sea'* and the increase observed here reflects
the trans-ocean spreading of that influence to the western
boundary and southwards in the mid-depth Atlantic circulation.
On our transect, salinity increases near y, = 27.8kgm > exceed

NATURE | VOL 426 | 18/25 DECEMBER 2003 | www.nature.com/nature




+0.05 p.s.u. between 30° —40°N, the heart of the MOW influence at
this longitude, while a lesser increase in salinity (40.02 to
-+0.04 p.s.u.) can be traced at these densities southward to about
25°8S.

Averaged vertically over the total water column, the observed
changes in salinity—by approximately —0.03 p.s.u. north of latitude
40°N and 40.02 p.s.u. between 40° N and 25° S—are of remarkable
amplitude. Taken together with the sign and pan-ocean structure of
the changes, these results indicate that fresh water has been lost from
the low latitudes and added at high latitudes, at a pace exceeding the
ocean circulation’s ability to compensate.

Although multiple factors have been implicated in these long-
term changes, the available measurement record has not been
sufficient to quantify their relative contributions to the observed
trends, and that partitioning remains a high priority in ongoing
research. The freshening of the entire system of overflow and
entrainment that ventilates the deep North Atlantic has already
been shown to have taken place at a remarkable, if not quite steady,
rate of —0.010 to —0.015p.s.u. per decade over the past four
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Figure 1 Western Atlantic meridional property sections and surface climatologies.

a, Vertical section of salinity versus neutral density averaged for the years 1985-99. Grey
shading means that no water at that density was measured. Annotations locate various
water masses in all panels as follows. AAIW, Antarctic Intermediate Waters; UCDW, Upper
Circumpolar Deep Waters; AABW, Antarctic Bottom Waters; UNADW, Upper North Atlantic
Deep Waters; LNADW, Lower North Atlantic Deep Waters; MOW, Mediterranean Outflow
Waters; SMW, Salinity Maximum Waters; LSW, Labrador Sea Water; NEADW, Northeast
Atlantic Deep Water; DSOW, Denmark Strait Overflow Water. b, Salinity difference (1985—
99 minus 1955-69) versus neutral density. Grey shading means that no water at that
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decades'. That freshening has been attributed to some combination
of enhanced wind-driven exports of ice or fresh water from the
Arctic, increased net precipitation rates, and elevated volumes of
continental runoff from melting ice’>'*—some of which can be
associated with recent amplification of the North Atlantic Oscil-
lation (NAO)™. In the low latitude Atlantic, the factors building
positive salinity anomalies must also involve some combination of
dynamic and thermo-dynamic processes: altered circulation, pre-
cipitation patterns and intensified trade winds**—themselves
associated with the NAO—but also enhanced evaporation rates
due to warming of the surface ocean®'.

We next examine the time history of zonally integrated salinity
anomalies at 24° N—the latitude of the salinity maximum—for four
density layers whose winter outcrop regions are shown in Fig. 3a.
The time series in Fig. 3b documents a long-term trend of increasing
salinity that bridges the time periods for which differences were
shown in Figs 1 and 2. The positive anomaly is greatest
(~40.3p.s.u.) in the 1990s and its largest contribution derives
from the density layers that are most exposed to the winter
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density was measured in one or both of the two time periods. No deep measurements
were available south of 32° S in the earlier time frame. Sea surface densities had become
considerably lighter in 1985—1999 compared to 1955-69, as depicted by the white line.
No salinity difference can be computed for those surface densities, but changes at the sea
surface are shown versus depth in Fig. 2. Upper-ocean density decreased in the Northern
Hemisphere despite salinity increases >0.4 p.s.u., indicating that warming of the upper
ocean was dominating the density changes. ¢, Climatological sea surface salinity. The
black line delineates the location of the meridional section. d, Annual average £-P
(courtesy of R. Schmitt, WHOI). p.s.u., practical salinity units.
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atmosphere in the high E-P region along that section, that is
Yn = 25.5-26.0 and 26.0-26.5kgm . The deeper density layers,
26.5-27.0 and 27.0-27.5 kg m ™, which outcrop northward of 30°N
and 40° N respectively—away from the E-P maximum—show much
smaller salinity changes (<4-0.1 p.s.u.) over the total span of the
record.

Because salt is neither gained nor lost through the atmosphere, a
salinity increase in a layer implies either that additional salt (or less
freshwater) was mixed in from surrounding waters, or that extra
fresh water was removed. Because SMW are the most saline waters in
the North Atlantic, no source for additional salt exists. Furthermore,
the underlying layers exhibit no compensating freshening, so that
local ocean mixing can be ruled out as the cause of the observed
salinity increases. We have therefore evaluated the annual freshwater
loss that could be attributed to local E-P changes for each of two
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Figure 2 Western basin meridional property sections versus depth. a, Vertical section of
salinity versus depth averaged for the years 1985-99. Water mass locations are

marked as in Fig. 1. b, Salinity difference (1985-99 minus 1955-69) versus depth.
¢, Temperature difference versus depth for the same time periods.
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layers, both of which are bounded above by the sea surface. The first
layer considered is bounded below by the density surface
Yn = 26.50kgm >, which includes all waters that are ventilated
in the climatological E-P maximum south of 30°N. The second
layer is bounded by a somewhat deeper surface, vy, = 27.0kgm ",
which outcrops as far north as 40°N.

The time series of estimated E-P anomaly, shown in Fig. 3c,
describes a basin-wide trend of enhanced freshwater loss with time
in the maximum net evaporation region along 24°N. The slope of
the line fitted to the time series defines the rate of estimated E-P
change in cmyr™'. Viewed as a long-term trend, the data indicate a
40-yr E-P increase of approximately 5cmyr™'. Alternatively, the
rate of change could be characterized as an initial rise to a 20-yr
plateau of ~50 cm, followed bya ~10 cmyr~ ' increase in the 1990s.
In either scenario, an additional 150—200 cm of fresh water has been
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Figure 3 Time series of upper ocean salinity anomalies and estimated £—P anomalies.
a, Map of February mean salinity (colour scale) and neutral density (contour interval is
0.5kgm ™) at the sea surface. The 24°N section from which time series were
constructed is shown. b, Time series of salinity anomaly (relative to the first year in the
time series) integrated across 24° N for four neutral density layers, 25.5-26.0kgm 3
(red triangles), 26.0-26.5 kg m ™~ (green circles), 26.5-27.0kgm ™~ (blue squares), and
27.0-27.5kgm 2 (black triangles). Approximate winter outcrop regions for each layer
are shown in a. ¢, Estimated £~P anomaly for two layers: sea surface to

vn = 26.5kgm 2 (magenta triangles), and sea surface to v, = 27.0kgm 2 (black
circles). Each symbol indicates the amount of extra fresh water that would have to be
removed per unit area along the section to account for the observed change in salinity of
that layer in each year. The slope of the line fitted to the black data points provides an
estimate for the rate of change of £-Pin cm yr~". The solid line estimates the E—P
anomaly for the entire 42-year record span; the dashed line represents the rate of change
estimated for the last 15 years. The yaxis is the height of a column of fresh water removed
by evaporation to account for the salinity change.
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lost per unit area in the 1990s relative to the late 1950s. Because
climatological E-P values are of the order of 100 cmyr ™~ across this
section, this represents a 5-10% increase in net evaporation.

The inferred 1990s rise in evaporation rate coincided with a
protracted high state of the NAO. The associated increase in trade
winds will have enhanced both evaporation and Ekman pumping of
the SMW into the western basin’s ventilated thermocline”. But a
growing body of evidence also raises the possibility of a link to
global warming and the planetary hydrologic cycle. First, tropical
and subtropical upper ocean temperatures have risen in the Atlantic
over the past few decades®*. Temperature differences evaluated
along our transect (Fig. 2¢) indicate an extensive warming of the
upper ocean (about 1 °C, but with the caveat that the data are not
sufficient to resolve the annual heating cycle). Moreover, there is an
unambiguous connection between the water masses that became
more saline (Fig. 2b) and those that warmed, a feature which is
confirmed by similar analyses applied to a transect through the
Atlantic eastern basins. To this we add that the Clausius—Clapeyron
equation®' predicts a 5-10% increase of water vapour pressure for a
temperature rise of 0.5-1.0 °C in the range 20-25 °C—similar to the
order of changes in net evaporation rates we have estimated along
24°N.

In addition, parallel changes in ocean salinity and temperature
distributions are occurring in other oceans. In the Mediterranean, as
previously mentioned, the water masses formed by net evaporation
exhibit a 40-yr trend of increasing temperature and salinity'. In the
Pacific, a symmetric freshening of intermediate waters ventilated at
high latitudes of the Northern and Southern hemispheres contrasts
with zonally averaged salinity and temperature increases in the
upper 200m at several lines spanning latitudes 24°N to 32°S
(ref. 26). In a subsequent analysis, the possibility that such coherent
behaviour might reflect some shorter-term natural oscillation in the
Pacific climate, such as the Pacific Decadal Oscillation (PDO), was
discounted on the basis that recent freshening of AAIW had also
been observed in the Indian Ocean where the PDO signal is
slight*”?®. An analogous argument could be extended to the hemi-
spherically symmetric Atlantic salinity changes, to downplay the
NAO as the sole dynamic at work.

Although it is a fundamental component of the planetary energy
budget, the hydrologic cycle remains one of the least-understood
elements of the climate system and freshwater budgets one of the
largest causes for differences among climate models®®. Given the
great uncertainties in measuring evaporation and precipitation over
the oceans, conclusive evidence for changes in the global water cycle
will depend on present and future efforts to directly measure salinity
changes and freshwater transports by ocean currents. ]

Methods

Climatologies

Ocean climatologies were constructed using the HydroBase2 package® and its database of
hydrographic profiles, which have been rigorously screened for quality. Three-
dimensional fields of salinity, temperature, and neutral density at 1° grid resolution were
generated for various time frames (5-, 10- and 15-yr composites) using isopycnal gridding
and interpolation methods. Changes in hydrographic properties between time periods
were evaluated as a function of both density and depth by subtracting identical grid points
along a vertical section extracted from each climatology. Uncertainties for the data varied
with time and are estimated as follows. For 1955-1969, T = %0.01°C and

S = *0.01 p.s.u.. For 1970-1989, T = %0.005°C and S = +0.005 p.s.u.. For 1990-1999,
T = £0.001°C and S = *0.002 p.s.u.. Lower limits for a significant difference in salinity
was set at £0.015 p.s.u. and for temperature at =0.15 °C. All of the upper-ocean signals
reported here are an order of magnitude greater (0.1-0.4) than the worst-case error; and
the deep-ocean anomalies exceed twice the measurement uncertainties.

Layer-averaged salinity and £-P anomalies

Five-year running time frames spanning the instrumental record (1955-2000) were used
to estimate yearly climatologies (a 1-2-5-2-1 weighting scheme was implemented for each
time frame). Time series of annual layer-averaged salinity values, S, for the 24° N sections
were evaluated by:

Si= [ '[psdzdx/ [ I[pdzdx Y]
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where s is salinity (in p.s.u.), p is in situ density (in kg m ), dzis layer thickness (in m),
and dx is the distance (in m) between successive profiles along the section. Temporal
changes were defined by the difference between S; and S, the first year in each time series
(1958). Years for which the section contained spatial gaps exceeding 100 km after
interpolation were omitted from the time series.

The freshwater loss that could be attributed to local E-P changes was evaluated by
invoking an approximate salt conservation statement:

p1S1H = p,S,(H + Ah) 2)
where H is the average thickness of a layer (in cm) and Ah is the height (in cm) of fresh

water removed through the air-sea boundary per unit area for each section.
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