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Ocean Salinities Reveal Strong
Global Water Cycle Intensification

During 1950 to 2000

Paul ]. Durack,>*3*** Susan E. Wijffels,™* Richard ]J. Matear'>

Fundamental thermodynamics and climate models suggest that dry regions will become drier
and wet regions will become wetter in response to warming. Efforts to detect this long-term
response in sparse surface observations of rainfall and evaporation remain ambiguous. We show
that ocean salinity patterns express an identifiable fingerprint of an intensifying water cycle.

Our 50-year observed global surface salinity changes, combined with changes from global climate
models, present robust evidence of an intensified global water cycle at a rate of 8 + 5% per degree
of surface warming. This rate is double the response projected by current-generation climate
models and suggests that a substantial (16 to 24%) intensification of the global water cycle will

occur in a future 2° to 3° warmer world.

warming of the global surface and low-
A er atmosphere is expected to strength-

en the water cycle (/-3), largely driven
by the ability of warmer air to hold and to re-
distribute more moisture. This intensification
is expressed as an enhancement in the patterns of
surface water fluxes [evaporation and precipita-
tion (E-P)] and, as a consequence, ocean surface
salinity patterns. According to the Clausius-
Clapeyron (CC) relation and assuming a fixed
relative humidity, we expect a ~7% increase in
atmospheric moisture content for every degree
of warming of Earth’s lower troposphere (2). Of
greatest importance to society, and the focus of
this work, is the strength of the regional pat-
tern of E-P, which in climate models scales
approximately with CC, whereas global precip-
itation changes more slowly at a rate of 2 to
3% °C™", limited by tropospheric energy con-
straints (2, 4).

An intensification of existing patterns of
global mean surface E-P is found along with en-
hancements to extreme events such as droughts
and floods (/, 5) in available 21st-century cli-
mate projections, forced by anthropogenic green-
house gases (GHGs) from the Coupled Model
Intercomparison Project Phase 3 [CMIP3 (6)].
This has been labeled the “rich get richer”
mechanism, where wet areas (compared with
the global mean) get wetter and dry regions
drier (7). There is, however, little consistency
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in the seasonal changes provided by model pro-
jections and poor agreement when compared
with regional observational estimates (8). Ad-
ditionally, atmospheric aerosols included in
these projections can regionally counteract the
GHG-driven warming and act to suppress the
local water cycle through dynamical changes
9, 10).

Given the above broad-scale model responses
and the CC relationship, an intensification of
~4% in the global water cycle (E-P) is ex-
pected to already have occurred in response
to the observed 0.5°C warming of Earth’s sur-
face over the past 50 years (/7). However,
obtaining a global view of historical long-term
rainfall pattern changes is made difficult be-
cause of the spatially sparse and short observa-
tional record. Long, high-quality land-based
records are few and Northern Hemisphere-biased
(12). Direct high-quality long-term rainfall es-
timates over oceans [which comprise 71% of
the global surface area and receive over 80%
of global rainfall (/3) (fig. S1)] are very scarce,
with most global observational products de-
pendent on data contributions from satellites,
themselves sensitive to error (14, 15). Addition-
ally, because of the short temporal coverage
(~15 to 30 years) by satellite missions, trends
are likely affected by natural decadal modes
of variability and may dominate much of the
measured changes (3). This challenge is exac-
erbated by the spatially and temporally spo-
radic nature of rainfall, making the derivation
of broad-scale averages of small multidecadal
changes from a sparse network of observing
stations error-prone (/6). These difficulties are
evident in the differing signs of long-term trends
between reconstructed rainfall data sets (17, 18).
Discrepancies among air-sea evaporative flux
products (/9) undermine their use in resolving
long-term water cycle changes. As a result, we
do not yet have a definitive view on whether
Earth’s water cycle has intensified over the past
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several decades from atmospheric observing net-
works (12, 20).

It has long been noted that the climatolog-
ical mean sea surface salinity (SSS) spatial
pattern is highly correlated with the long-term
mean E-P spatial pattern (27) (Fig. 1, A and
D), reflecting the balance between ocean ad-
vection and mixing processes and E-P forcing
at the ocean surface (2/-23). Several studies of
multidecadal SSS changes reveal a clear pat-
tern where increasing salinities are found in
the evaporation-dominated midlatitudes and
decreasing salinities in the rainfall-dominated
regions such as the tropical atmospheric con-
vergence zones and polar regions (22, 24-28)
These previous studies have used optimally av-
eraged pentadal historical ocean data (24) or
the difference between pre-2000 and post-2000
climatologies (27), the latter period being strong-
ly supported by the modern baseline provided
by the Argo Programme (29) to investigate long-
term salinity changes in the global ocean. By
using a direct local fit of trends to historical and
Argo data simultaneously (25), we map the mul-
tidecadal linear SSS trends back to 1950 (Fig.
1, D and G). Over the last 50 years, SSS changes
reflect an intensification of the mean SSS pat-
terns. This strong and coherent relationship is
expressed through the high spatial pattern cor-
relation coefficient (PC) of ~0.7 (fig. S2) be-
tween the mean SSS and independent estimates
of long-term SSS change. Following the “rich
get richer” mechanism (7), salty ocean regions
(compared to the global mean) are getting sal-
tier, whereas fresh regions are getting fresher
(24-28). This robust intensification of the ob-
served SSS pattern is qualitatively consistent
with increased E-P if ocean mixing and circula-
tion are largely unchanged.

In trying to quantitatively relate SSS changes
and E-P changes, previous studies have made
strong simplifying assumptions. One estimate
of a global 3.7% E-P intensification from the
1970s to 2005 (27) is based on the assumption
of an unchanging ocean mixing and advection
field, with the additional assumption that no
salt or freshwater exchange has occurred over
this time with the ocean below 100 m. How-
ever, several studies have shown that subsur-
face salinity changes have occurred during the
20th century (24, 25), with many of the largest
signals expressed at depths greater than 100 m.
Another study used subsurface salinity changes
on isopycnals to deduce E-P changes at the
surface density outcrops (26). This approach is
error-prone because broad-scale salinity changes
on density surfaces can largely be explained by
the subduction of broad-scale warming and not
E-P changes alone (25). To avoid such strong as-
sumptions and explore the use of SSS pattern
changes as a water cycle diagnostic, we used
the most comprehensive simulations available
to date of the historical and future global cli-
mate: the CMIP3 simulations of the 20th century
(20C3M) and the Special Report on Emissions
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Scenarios (SRES) 21st-century future projec-
tions (6). Within these simulations, we investigated
the relationship between SSS and E-P pattern
changes. These simulations capture the full range
of complex dynamical changes in response to
GHG forcing, which include ocean surface (and
subsurface) temperature changes, dynamical
shifts to ocean and atmospheric circulation, up-
per ocean stratification changes, as well as
the regional effects of aerosols on water cycle
operation.

To quantify and compare the strength of
broad-scale SSS pattern intensification in both
observations and CMIP3, we formed zonal ocean
basin (Pacific, Atlantic, and Indian) averages
for both the 50-year (1950-2000) climatolog-
ical mean SSS and its 50-year (1950-2000)
linear trends. A linear regression was underta-
ken by using the basin zonal averages of the cli-
matological mean SSS (x axis) anomaly from
the global climatological SSS against the SSS
change pattern (y axis; Fig. 1J). We defined the
resulting slope of this relationship as the pat-
tern amplification (PA) and the corresponding
correlation coefficient (R) as the PC. A key ad-
vantage of this analysis is its insensitivity to
the mean spatial climatological biases in mod-
el fields (30) when compared to observations,
because the model change fields are compared
to their own model climatology. We formed the
PA and PC metrics for each model simulation

and our observational analysis (fig. S2 presents
comparative basin zonal mean analyses for avail-
able global SSS studies; see supplementary text
section 1.1).

Analysis of trends in observed SSS in-
dicates that from 1950 to 2000 the SSS PA is
8% with a PC of 0.7 (Fig. 1J). Similar to ob-
servations, many models show a high PC (~0.7
to 0.9) between the climatological mean SSS
and the corresponding climatological mean
E-P. However, most 20C3M model simulations
show a weaker-than-observed spatial PC and
PA between the 50-year SSS mean and SSS
change patterns (Fig. 1, D and G versus E and
H and F and I) and do not uniformly provide a
realistic simulation of observed surface mean
SSS patterns or their change over 1950-2000
(Fig. 1, D and G; fig. S6; table S2; and supple-
mentary text section 2). Our examples of the
simulations that most closely replicate the ob-
served spatial change and mean patterns (Fig.
1, E and H) and those that produce an almost
inverse spatial change pattern (Fig. 1, F and
I) compared with the observed results (Fig.
1, D and G) illustrate the range of responses
found in CMIP3 (Fig. 1). Some models show
similar numbers to those observed (Fig. 1, E, H,
and K), whereas others have very low values
of both PA and PC (Fig. 1, F, I, and L), in-
dicating no clear SSS pattern amplification.
Such discrepancies raise a key question: What

controls this difference in the modeled SSS
response, and how is this related to water cy-
cle changes?

The PA and PC methodology can also be
used when considering other variables, such
as the surface water flux (E-P). CMIP3 sim-
ulations show a relationship between SSS PA
and the E-P PA (Fig. 2B). This key result sup-
ports the use of SSS PA as a diagnostic of a
changing water cycle and also provides a re-
lationship in which to consider the observed
SSS PA for 1950-2000. The CMIP3 SSS pat-
terns amplify at twice the rate of E-P patterns
(Fig. 2B). The reason that E-P PA drives a
stronger response in SSS PA for CMIP3 is not
clearly understood and requires further inves-
tigation, but the relationship between them is
compelling.

When investigating water cycle changes, it is
important to consider the coincident global sur-
face warming, the natural thermodynamic frame-
work of water cycle amplification. If expressed in
a per degree warming context, such water cycle
rate changes can then be directly compared to
other studies, both oceanographic and atmospheric
in their origins (table S3, fig. S9, and supplemen-
tary text section 4).

For both the 20C3M and SRES CMIP3 sim-
ulations, we find a relationship between the
rate of global average surface warming (AT,)
and the rate of SSS PA and PC strength (Fig.
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2A). The 20C3M simulations in which the warm-
ing rate is low (generally those with compre-
hensive aerosol schemes; contrast diamonds
and circles in fig. S5, table S1, and supplemen-
tary text section 2.2) feature low SSS PA, with
spatial change patterns having only slight cor-
respondence to the spatial mean pattern and
consequently a low SSS PC (illustrated by the
simulation in Fig. 1, F, I, and L). The stronger
warming SRES simulations express a clearer
and larger pattern amplification response (PC >
0.5) than most 20C3M simulations (Fig. 2A).
The increase in PC with enhanced PA suggests
a signal-to-noise process is operating, where-
as in weakly warming simulations model in-
ternal variability dominates the change signal.
A PC-weighted line of best fit through the 93
CMIP3 simulations suggests that SSS patterns
intensify with warming at 8% °C™~' (Fig. 2A),
which is half of our 1950-2000 observed rate
(16% °C™'; Fig. 2A). As expected on the basis

of past analyses of CMIP3 (2), the E-P PA is
also linearly related to surface warming rates
(Fig. 2C), with the model line of best fit be-
low CC (4.5% °C™"). Also in agreement with
many previous analyses (/, 2), total global av-
erage rainfall is linearly related to warming
rates but with a distinctively weaker slope than
surface water flux, near 3.1% °C ' (Fig. 2D).
The stronger SSS PA response to warming and
the tighter agreement among CMIP3 when
compared with that for the E-P PA (Fig. 2, A
versus C) suggest that long-term SSS pattern
changes provide an identifiable, highly de-
tectable, and particularly sensitive measure of
long-term water cycle changes. It is likely that
ocean mixing and circulation act to integrate
and smooth the temporal and spatial patchi-
ness of E-P fluxes at the ocean surface and
provide a smoothed SSS anomaly field, which
facilitates detection of broad-scale, persistent
changes.
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Fig. 2. PA and PCs from the available CMIP3 simulations compared with new observational esti-
mates. The number of individual simulations that have been analyzed for each variable is noted in
the bottom right-hand corner of each panel. (A) The surface salinity PA (y axis) versus the cor-
responding global AT, (x axis); colors are the salinity PC. (B) Water flux (E-P; y axis) PA versus
surface salinity PA (x axis); colors are the salinity PC. (C) Water flux (E-P; y axis) PA versus global
AT, (x axis); colors are the E-P PC. (D) Global spatial average precipitation change, rather than PA
(AP; y axis) versus global AT, (x axis); colors are the precipitation PC. Gray lines express constant
proportional change. Gray shading [99% confidence interval (C.l.)] bounds the PC-weighted linear
best fit to the model ensemble for a line intersecting 0 [y axis in (A) to (C)] and —1.1 [y axis in (D)]
in black. The 20th-century (20C3M; 1950—2000) simulations are presented in small circles, and the
three 21st-century projected scenarios (SRES; 2050—2099) are shown as squares for B1, large
circles for A2, and diamonds for A1B. All simulations have been de-drifted by using an appropriate
preindustrial control simulation for the period 1900—2049 (supplementary text section 2). Observa-
tional estimates using a AT, value from HadCRUT3 in (A) PA from this study are shown as the red
square with black error bars showing the 99% significance level and in (C) as the black square with the

CMIP3-scaled result based from (A) (see text).
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To independently demonstrate the strong
relationship between 50-year salinity change
and an enhanced water cycle, we explored the
response of an ocean-only model to an ideal-
ized 5% E-P pattern increase. We used a ver-
sion of the MOM3 ocean model, forced with
E-P fields obtained from the National Centers
for Environmental Prediction (NCEP) rean-
alysis. A linear trend in E-P was imposed to
achieve a 5% increase over 50 years. The re-
sulting spatial pattern of SSS change strongly
mirrors the observed and CMIP3 ensemble mean
patterns but with smaller absolute magnitudes
(Fig. 3, A, C, and D versus B). The salinity pat-
tern amplification is expressed for surface and
subsurface changes (figs. S7 and S8 and sup-
plementary text section 3). Therefore in a glob-
al ocean-only model, spatial salinity patterns
enhance in response to an intensified E-P. A
similar spatial response to the observed changes
is found in CMIP3 but only for the strongly
warming 20C3M simulations (>0.5°C; Fig. 3,
D versus C). Those simulations with less than
the observed warming over 1950-2000 often
incorporate aerosol effects that act to reduce
warming (contrast diamonds and circles in
fig. S5) and thus underpredict the subsequent
water cycle amplification as expressed in SSS
changes.

Despite their scatter, estimates from the
CMIP3 ensemble show a weaker salinity pattern
amplification per degree of warming (8% °C ';
Fig. 2A) than has been observed (16% °C';
Fig. 2A). By using the modeled relationship
between SSS PA and E-P PA from the CMIP3
ensemble [which shows that SSS PA increases
at twice the rate of E-P PA (Fig. 2B)] and ap-
plying this relationship to our observed SSS
PA estimate, we infer that over the past 50 years
the global water cycle has amplified by 4%.
Using the observed 0.5°C surface warming es-
timate (/1), this inferred water flux amplifica-
tion of 8% °C" is close to that predicted by
the CC relationship (~7% °C'). This rate of
change is consistent with many other indepen-
dent observational estimates (table S3 and fig.
S9), which all provide evidence that an observed
global water cycle amplification has occurred.
However, CMIP3 ensemble averages of E-P PA
produce a rate well below this of 4.5% °C”"'
(Fig. 2C).

A change to freshwater availability in re-
sponse to climate change poses a more impor-
tant risk to human societies and ecosystems
than warming alone. Changes to the global
water cycle and the corresponding redistribu-
tion of rainfall will affect food availability,
stability, access, and utilization. We show that
ocean salinity is a particularly sensitive marker
of water cycle change that provides us with a
salty ocean—freshwater “gauge” from which
to monitor 71% of Earth’s surface. By using
ocean observations, we show the “rich get rich-
er” mechanism is already operating, with fresh
regions becoming fresher and salty regions
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0.2
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0 60E 120E 180

Longitude

Fig. 3. Patterns of 50-year surface salinity changes (PSS-78 50 year™). (A)
The 1950-2000 observational result of (25). (B) From an ocean model
forced with an idealized surface 5% E-P enhancement (50 year™; see text).
(C) For an ensemble mean from 1950—-2000 of the CMIP3 20C3M sim-
ulations that warm <0.5°C (24 simulations; see table S2). (D) For an en-

saltier in response to observed warming. Our
results support a water cycle intensification
rate consistent with the CC relationship under
fixed relative humidity. In a future GHG-forced
2° to 3°C warmer world (37), this implies a
16 to 24% amplification of the global water
cycle will occur, nearly double the CMIP3
response.
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