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Abstract Global hydrographic and air—sea freshwater
flux datasets are used to investigate ocean salinity changes
over 1950-2010 in relation to surface freshwater flux. On
multi-decadal timescales, surface salinity increases
(decreases) in evaporation (precipitation) dominated
regions, the Atlantic—Pacific salinity contrast increases, and
the upper thermocline salinity maximum increases while
the salinity minimum of intermediate waters decreases.
Potential trends in E-P are examined for 1950-2010 (using
two reanalyses) and 1979-2010 (using four reanalyses and
two blended products). Large differences in the 1950-2010
E-P trend patterns are evident in several regions, particu-
larly the North Atlantic. For 1979-2010 some coherency in
the spatial change patterns is evident but there is still a
large spread in trend magnitude and sign between the six
E-P products. However, a robust pattern of increased E-P
in the southern hemisphere subtropical gyres is seen in all
products. There is also some evidence in the tropical
Pacific for a link between the spatial change patterns of
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salinity and E-P associated with ENSO. The water cycle
amplification rate over specific regions is subsequently
inferred from the observed 3-D salinity change field using a
salt conservation equation in variable isopycnal volumes,
implicitly accounting for the migration of isopycnal sur-
faces. Inferred global changes of E-P over 1950-2010
amount to an increase of 1 £ 0.6 % in net evaporation
across the subtropics and an increase of 4.2 £ 2 % in net
precipitation across subpolar latitudes. Amplification rates
are approximately doubled over 1979-2010, consistent
with accelerated broad-scale warming but also coincident
with much improved salinity sampling over the latter
period.

Keywords Salinity - Freshwater flux - Evaporation -
Precipitation - Hydrological cycle

1 Introduction

The global water cycle, a key component of the climate
system, is expected to intensify with anthropogenic global
warming (Held and Soden 2006; Solomon et al. 2007). The
Clausius—Clapeyron relationship indicates increases in
moisture and its horizontal transport in the lower tropo-
sphere as a response to warming. Increased atmospheric
moisture tends to strengthen the global Evaporation
(E) minus Precipitation (P) pattern, with wet regions
becoming wetter and dry regions becoming drier (Held and
Soden 2006). The IPCC report on Climate Change and
Water (2008) highlighted the increasingly compelling
evidence over the last 50 years that the hydrological cycle
has already changed. Observations show precipitation
increasing in the high-latitudes and moist regions of the
tropical circulation, and decreasing in dry subtropical
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regions (Zhang et al. 2007; Wentz et al. 2007; Allan et al.
2010; Li et al. 2011).

Since regional salinity variations are mainly determined
by variations in the air—sea freshwater budget (Schmitt
2008), the salinity field is an integrator for changes in the
water cycle over the ocean, which receives over 80 % of
the total global rainfall (Trenberth et al. 2007; Schanze
et al. 2010). The spatial pattern of global ocean surface
salinity change since 1950 provides strong evidence for an
amplified water cycle (Durack et al. 2012). Large and
spatially coherent multi-decadal increasing (decreasing)
salinity trends have been reported in evaporation (precipi-
tation) dominated regions (Antonov et al. 2002; Curry et al.
2003; Boyer et al. 2005; Bindoff et al. 2007; Cravatte et al.
2009; Hosoda et al. 2009; Helm et al. 2010; Durack and
Wijffels 2010; Delcroix et al. 2011). Moreover, a pro-
nounced accentuation of the salinity contrast is observed
between Atlantic and Pacific Oceans throughout the upper
water column, as well as between the upper thermocline
salinity maximum and the salinity minimum intermediate
waters within both ocean basins (Helm et al. 2010; Durack
and Wijffels 2010). Recent studies of detection and attri-
bution of anthropogenic climate change showed that the
strong salinification of the subtropical North Atlantic and
freshening of the Western Pacific Warm Pool over recent
decades significantly exceeded the range of internal natural
variability in control simulations of coupled climate mod-
els, revealing a possible early fingerprint of anthropogenic
forcing (Stott et al. 2008; Terray et al. 2012; Pierce et al.
2012). These spatial patterns of observed surface salinity
change are consistent with studies on atmospheric com-
ponents of the water cycle such as precipitation (Wentz
et al. 2007; Zhang et al. 2007; Allan et al. 2010; Li et al.
2011), column integrated water vapour (Santer et al. 2007,
Li et al. 2011), and surface humidity (Willett et al. 2007).

Long-term changes in global ocean E and P may be
assessed from historical climate model simulations and
Numerical Weather Prediction (NWP) model reanalyses
constrained by assimilated observational products such as
SST and surface meteorological parameters. However,
General Circulation Models (GCMs) show very large
variations concerning projected changes in P and E (Meehl
et al. 2007) whilst they appear to underestimate the P, E
and surface salinity response to surface warming compared
with observations (Wentz et al. 2007; Durack et al. 2012,
Liu et al. 2012). Furthermore, estimates of 50-year trends
in both freshwater flux and surface salinity derived from
Coupled Model Intercomparison Project phase 3 (CMIP3)
historical simulations present a very large spread among
the various model outputs (e.g. Durack et al. 2012).

Major issues are also reported when estimating vari-
ability and trends in hydrological cycle components and
surface freshwater fluxes from re-analysis products.
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Trenberth et al. (2005) found major problems in the means,
variability and trends in precipitable water over the ocean
from 1988 to 2001 for both the ERA-40 and NCEP re-
analysis products, highlighting the need for data repro-
cessing and for taking into account of the changing
observing system as improved temperature and water
vapour channels were assimilated. Trenberth and Smith
(2005) also indicated that both the above re-analysis pro-
ducts violate the conservation of dry air-mass and present
substantial spurious changes in surface pressures due to
water vapour prior to the start of the satellite era in 1979.
Schanze et al. (2010) investigated seven objectively-ana-
lyzed and re-analyzed P and E datasets and showed rela-
tively large differences in the estimates of global annual
surface freshwater balances. The authors identified inho-
mogeneities in all these E and P products before 1987
which they mainly attributed to the inclusion of Special
Sensor Microwave Imager (SSM/I) data thereafter. More
recently, Trenberth et al. (2011) assessed the global
hydrological cycle and its variability from eight re-analysis
products. The authors reported significant differences in
estimates of E-P change over the ocean among most re-
analysis products. In addition the authors found that re-
analysis output data violate basic physical constraints and
often are inconsistent with observational estimates, with
most of the re-analysis models showing too-intense water
cycling overestimating P and E.

Due to the highly sporadic and localised character of
rainfall, and the large difficulties in obtaining reliable
in situ measurements of P and E over the ocean, there is a
very high level of uncertainty in the estimation of observed
ocean surface freshwater fluxes. Before the advent of
operational satellite observation, the estimation of surface
freshwater fluxes was based on indirect ship-borne pre-
cipitation estimates that made use of the reported weather
conditions. Consequently large oceanic regions (the
Southern Ocean, in particular) were considerably under-
sampled. Global ocean precipitation observational datasets
such as the Global Precipitation Climatology Project
(GPCP) and CPC’s Merged Analysis of Precipitation
(CMAP) datasets are available since the start of the satellite
era in 1979 based on precipitation estimates from several
satellite-based retrievals and ground-based rain gauges.
The Hamburg Ocean—Atmosphere Parameters and Fluxes
from Satellite Data version 3 (HOAPS3) dataset, the first
satellite-based dataset with consistently derived global
fields of both E and P only starts in 1987 (Andersson et al.
2011). Although there is more agreement among the
satellite-derived products, as compared with in situ or
reanalysis products, the uncertainty in estimating precipi-
tation is still high (Wentz et al. 2007; Lau and Wu 2007;
Tian et al. 2009; Schanze et al. 2010; Arkin et al. 2010),
with the various global ocean precipitation products
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showing rather large variations (e.g. Yin et al. 2004; An-
dersson et al. 2011; Liu and Allan 2012). Despite the fact
that most of the data sources used are generally common,
different merging algorithms and choices of including/
excluding or blending data are shown to produce sub-
stantial discrepancies in the precipitation patterns over the
ocean among the global observational datasets (e.g. Yin
et al. 2004). Substantial spatial and temporal discrepancies
are also found among the various re-analysis/objectively-
analysed latent heat flux products which can be attributed
to the use of different sources of the input meteorological
state variables and bulk formulae (e.g. Liu et al. 2011).
Direct E-P estimates are still very sparse and despite the
abovementioned large problems encountered when esti-
mating long-term trends using re-analyses or combined re-
analysis/satellite-derived observational products, the latter
provide our only insights into the changing global E-P field
through time.

Similarly to freshwater flux measurements, historic
salinity measurements in the southern hemisphere, and in
particular in the Southern Ocean, remained extremely
sparse until the late 1980s, limiting accuracy in estimates
of global change. However, the World Ocean Circulation
Experiment (WOCE, 1988-1996) and the ARGO network
after 1999 have crucially enhanced southern hemisphere
coverage, substantially improving analyses of long-term
variability at global scale. Durack et al. (2012) suggested
that the common findings of independent studies that
considered salinity changes, along with the strong E-P
versus surface salinity relationship in CMIP3 models,
underpin salinity as a very useful marker of long-term
global water cycle change. However, the 3-D pattern of
salinity change is very complex as it is shaped by advection
and mixing at the timescales on which salinity anomalies
are spreading through the ocean interior. Salinity anomalies
induced by surface freshwater flux anomalies are generally
subducted from the surface to sub-surface layers within the
main thermocline following isopycnal surfaces. Since di-
apycnal mixing is generally weak, salinity anomalies
transported from their surface formation sites into the
ocean interior along isopycnal surfaces can be largely
preserved so that surface freshwater fluxes may potentially
be inferred from these sub-surface salinity changes
(Bindoff and McDougall 1994; Helm et al. 2010). How-
ever, sub-surface salinity changes in the global ocean may
also occur with a locally invariant air-sea freshwater bud-
get. Such changes may be induced by the horizontal shift in
isopycnal outcrops that is predominantly poleward in the
case of broad-scale warming (Durack and Wijffels 2010),
as well as by changes in the hydrographic properties of
overflows from marginal seas such as the Mediterranean
outflow in the North Atlantic (e.g. Curry et al. 2003; Potter
and Lozier 2004).

The overall objective of this paper is to provide new
insights into the link between global ocean salinity changes
and the surface freshwater flux anomalies associated with
the changing water cycle over the last 60 years using a
range of observational/reanalysis datasets. In particular we
investigate the spatial correlation patterns of E-P and
surface salinity time series, and the propagation pathways
and timescales of salinity anomalies from their surface
formation sites into the ocean interior. The analysis is also
performed for the shorter 1979-2010 period covering the
satellite era, where both reconstructed global E-P and
surface salinity fields are better constrained by available
data, allowing for a more accurate representation of their
co-variability at inter-annual/inter-decadal scales. More-
over, we use a methodology based on salt conservation
equation in volumes bounded by space/time variable iso-
pycnal surfaces, following the migration of isopycnal sur-
face outcrops to infer changes in the air-sea freshwater
fluxes from the observed salinity changes in each oceanic
basin.

This paper is organized as follows. First, we introduce
the salinity and freshwater flux datasets. We then analyse
long-term trends in these respective fields, and investigate
links using correlation patterns. Given the salinity changes,
we infer freshwater flux changes and subsequently we
provide estimates of the water cycle amplification in var-
ious oceanic regions over 1950-2010. Finally, we conclude
with a summary of our findings, emphasising caveats due
to the limitations of sampling in space and time.

2 Datasets

The investigation of multi-decadal global salinity changes
over 1950-2010 is performed using the UK Met Office
EN3v2a observational dataset (http://www.metoffice.gov.
uk/hadobs/en3), an update of the EN2 dataset described in
Ingleby and Huddleston (2007). EN3v2a consists of qual-
ity-controlled temperature and salinity (PSS-78) profiles
spanning the period 1950-present. The original sources of
the profiles include the World Ocean Database (2005), the
Global Temperature-Salinity Profile Programme (from
1990) and profiling float data from the Argo Global Data
Assembly Center (from 1999). Observational coverage of
salinity data strongly changes over the 1950-2010 period
for both the near surface (Fig. 1a) and the deep layers.
There is a relatively sparse coverage in the early decades of
the EN3 dataset, particularly in the southern hemisphere
and at depths greater than 1,000 m, improving to almost
global coverage from surface to 2,000 m depth after the
introduction of the Argo floats. This is illustrated in
Fig. 1b, which shows the evolution of the number of
salinity observations used in the EN3 dataset versus time
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«Fig. 1 Salinity observations used in the EN3 dataset a number of
near-surface observations over 1950s, 1970s, 1990s, and 2000s.
b Number of observations versus depth (0-3 000 m) and time
(1950-2010) in the south and north hemispheres, respectively. ¢ Grid
points with sufficient number of data to determine trends over
1950-2010 (left panels) and over 1960-2010 (right panels), for near-
surface salinity (upper panels) and for salinity at 1,868 m (lower
panels), where the criteria for trend detection are at least five
observations near-surface and at least two observations at depth, for
both the starting and last decades of the record

and depth in the northern and southern hemispheres,
respectively. The product used here is a monthly objec-
tively-analysed version of the data with 1° x 1° horizontal
resolution and 42 vertical levels over the global ocean. The
quality of the objective analysis clearly varies spatially
depending on the availability of input data to which it is
constrained. Hence observational coverage strongly limits
the representation of long-term variability and trends in the
deep layers and in large oceanic regions of the south
hemisphere, in particular the Southern Ocean, which is
poorly sampled over the 1950s and 1960s. There are con-
sequences for trend analysis (Fig. 1c). The actual obser-
vations available for analysing 50- or 60-year trends are
largely limited to the periphery of the northern oceans, a
problem exacerbated at depth. We emphasise this caveat
throughout our analysis. We should also note that what we
term Sea Surface Salinity (SSS) in this study should
actually be referred to as near-surface salinity since the
EN3 upper vertical level is located at 5 m depth.

Various reanalyses/observational global ocean E-P
datasets are included in the analysis and compared with the
salinity dataset, covering the whole or part of the
1950-2010 period. Four reanalysis E-P products are con-
sidered here: the NCEP/NCAR Reanalysis 1 spanning
1948-present (Kistler et al. 2001); NCEP/DOE, spanning
1979-present (Kanamitsu et al. 2002); twentieth century
reanalysis (20CRv2), spanning 1871-present (Compo et al.
2011); ERA-Interim, spanning 1979-present (Dee et al.
2011).

Apart from re-analysis products, a variety of combined
re-analysis E and observational P global ocean products
may be derived for the satellite era starting in 1979. Two
products are included in the present analysis: (a) the
Common Ocean-ice Reference Experiments 2 (COREv2)
E-P dataset (Large and Yeager 2009) spanning the period
1979-2006, for which the E field is based on NCEP rea-
nalyses and the P field is a blend of precipitation products
including the Global Precipitation Climatology Project
(GPCP) Version 2 (GPCP v2.2, Adler et al. 2003; Huffman
et al. 2009) and the CPC Merged Analysis of Precipitation
(CMAP) (Xie and Arkin 1996) datasets, both based on rain
gauge observations over land and satellite retrievals (pre-
dominantly over ocean regions); (b) a combined product

for the period 1979-2010 for which the E field is derived
by the Objectively Analyzed air—sea Fluxes (OAFlux)
dataset (Yu and Weller 2007) which blends NCEP and
ERA-40 reanalysis products with satellite surface meteo-
rology through an objective synthesis, and the P field is
obtained from GPCP.

More recent satellite-derived precipitation and evapo-
ration data sources such as the Tropical Rainfall Measuring
Mission (TRMM)), although they are able to provide data of
higher spatiotemporal coverage using radar instruments,
are considered only for evaluation purposes and not used in
our global ocean multi-decadal analysis due to their short
record length (i.e. they are only available since 1997) and
to their restricted latitudinal coverage (i.e. maximum cov-
erage of 40°S—40°N). The HOAPS satellite-based dataset
for both E and P is also not considered here due to its short
record length (i.e. 1987-2005) and contrasting variability
over the ocean compared with other datasets (Liu and Allan
2012). HOAPS also shows a much higher global water
cycle amplification rate with respect to other datasets
(Durack et al. 2012).

3 Results and discussion

When estimating long-term climatic trends, one needs to
take into account natural climate variability signals, which
may have significant impacts on ocean surface variables
such as salinity and freshwater fluxes at regional or even
global scales. It is generally difficult to discriminate
between the regional patterns of global climate change and
the anomalies induced by natural low-frequency modes of
large-scale atmospheric variability. In particular, pro-
nounced intra-decadal natural variability events associated
with the El Nifio Southern Oscillation (ENSO) are
imprinted in the spatial patterns of all water cycle vari-
ables. Moreover, there are also significant multi-decadal
signals associated with low frequency expressions of
modes of natural atmospheric variability that may strongly
control air—sea interaction. A typical example is that of the
North Atlantic Oscillation (NAQO) variations over recent
decades that have been shown to have large impacts on the
freshwater budget and ocean circulation of the North
Atlantic (Hurrell 1995; Curry and McCartney 2001). The
winter NAO index underwent a large quasi-continuous
increase from a negative to a highly positive phase from
late 1960s to early 1990s and then abruptly decreased to a
negative phase (Hurrell and Deser 2010).

Such multi-decadal signals with periods of the order of
2-3 decades may be also observed in other natural vari-
ability modes such as the Pacific Decadal Oscillation
(PDO) and Atlantic Multi-decadal Oscillation (AMO)
skewing long-term human-induced trends in the water
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cycle components. Hence, in order to detect robust multi-
decadal climatic trends, time-series should span signifi-
cantly longer than 3 decades. The salinity time series used
here, based on the EN3 monthly dataset, span a 60-year
period (1950-2010), which is probably sufficient for fil-
tering out intra-decadal and most of multi-decadal natural
climate oscillations. An exception may be the AMO, for
which many studies show a second variability peak in the
60-75 years range (e.g. Sutton and Hodson 2003; Kavvada
et al. 2013), suggesting a potential AMO footprint in the
spatial pattern of salinity variability over the EN3 era.
Regarding the E-P datasets, only NCEP/NCAR and
20CRv2 reanalyses span the 60-year period and can be
compared with the entire salinity time series. An important
caveat is that the salinity and E-P data are considerably
more uncertain during earlier decades in the record, due to
poor spatiotemporal coverage of the data used in the
objective analysis for salinity (Ingleby and Huddleston
2007) and in the reanalysis for E-P (mainly through data
assimilation of surface products such as SST and Sea Level
Pressure). The 1979-2010 time series of salinity and E-P
datasets covering the satellite era (along with the other four
datasets used here all starting in 1979) are better con-
strained by in situ observations and satellite-derived data,
respectively, and hence they are expected to produce a
more spatially coherent global-scale reconstruction of both
surface salinity and E-P change patterns, allowing for a
more accurate analysis of their co-variability at inter-
annual/decadal scales. On the other hand, the 1979-2010
time series are too short in duration for adequately aver-
aging out of multi-decadal fluctuations due to natural var-
iability (e.g. Sohn et al. 2013). Consequently, large-scale
natural variability signals should imprinted in the E-P and
surface salinity spatial patterns of multi-decadal change
over this period.

Another issue to address when investigating long-term
trends in surface salinity is that regional trends are some-
times driven by strong decadal-scale signals which are not
always linked to changes in E-P. A typical example of
such prominent decadal modes of variability are the Great
Salinity Anomalies (GSAs) propagating around the North
Atlantic sub-polar gyre over recent decades (i.e. Belkin
et al. 1998; Belkin 2004; Wadley and Bigg 2006). In par-
ticular, the first and most well-documented of these GSAs
is proposed to have been initiated by an anomalously large
export of freshwater from the Arctic which advected
around the subpolar gyre from 1968 to 1982 (Dickson et al.
1988; Belkin et al. 1998).

Taking these issues into account, we proceed as follows.
The first step in our analysis procedure is to construct
monthly anomaly time series for all datasets by subtracting
the mean seasonal cycle from the monthly data at each grid
point. Annual anomalies are then constructed from the
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Fig. 2 a Linear trend in near surface salinity (pss/60 years) over
1950-2010. Climatological mean salinity contours are plotted every
1.0. Regions where the linear trend is not significant at the 95 %
confidence level are stippled in gray. b Amplification of the near
surface salinity mean field over 1950-2010. The pattern amplification
(PA) and correlation coefficient (R) are also depicted

monthly anomalies, allowing us to compute linear trends
and S/E-P correlations for both 1950-2010 and 1979-2010
time series. In the following sub-sections, we first consider
separately the changes of salinity and freshwater fluxes,
then the evidence for any links between these changes, and
finally infer changes in freshwater fluxes from the changes
in salinity.

3.1 Observed changes in salinity and freshwater fluxes
3.1.1 Near-surface salinity changes

The spatial pattern of near-surface salinity linear trend over
1950-2010 (Fig. 2a) obtained here is quite similar to both
the near-surface salinity and E-P climatological mean
patterns (not shown), denoting a general broad-scale
amplification of the mean salinity field and clearly sug-
gesting a strengthening of the global oceanic water cycle as
previously shown by Durack et al. (2012) over the
1950-2000 period. Fresh regions become fresher and salty
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regions become saltier. That is consistent with the “wet
regions become wetter and dry regions become drier” for
the earth’s surface freshwater budget as observed over the
last few decades and predicted by coupled climate models
in response to global warming (e.g. Chou et al. 2009).
Statistically significant and spatially coherent positive
salinity trends are found in many evaporation-dominated
regions such as the subtropical gyres of all three major
oceanic basins whereas decreasing salinity trends are found
in precipitation-dominated regions such as the western
Pacific Warm Pool and the North Pacific subpolar region.
Coherent freshening across large expanses of the mid-lat-
itude Southern Ocean is subject to considerable
uncertainty.

There are a few exceptions to this amplified spatial
pattern, such as the fresh tropical East Indian Ocean and
North Atlantic subpolar regions, where instead multi-dec-
adal increasing salinity trends are observed. Salinity gain is
also obtained in most areas around Antarctica (>60°S),
although confidence in this trend is again severely limited
by sparse observations in this region (see Fig. 1). These
near-surface salinity changes should naturally be compared
with the results of previous studies, taking important
caveats into account. Boyer et al. (2005) computed salinity
trends over 1955-1998 based on pentadal salinity anoma-
lies derived from the World Ocean Database 2001
(WODO1). Hosoda et al. (2009) estimated the global upper
100 m layer salinity change between WODO05 1960-1989
climatology and ARGO 2003-2007 climatology. Durack
and Wijffels (2010) used various observational sources
covering the period 1950-2008 to compute 50-year trends
over the nominal 1950-2000 period. In the latter study,
unlike the other analyses in which trends are linearly fitted
to the interpolated data provided by the objectively ana-
lysed fields, the salinity trends were fitted concurrently
with the mean climatology and the ENSO signal through a
multiple linear regression using the available observations
in each grid cell (1° x 2° grid). Durack and Wijffels
(2010) further used a variable search radius, dependent on
spatial and temporal sampling, which leads to highly-var-
iable “spatial footprints” of mapped trends in the pre-Argo
era (largest in the Southern Ocean, smallest in the North
Atlantic), and broad-scale trends are appropriately
emphasized.

Despite the different methods, assumptions and periods
used to compute the salinity change, our results compare
favourably with these previous analyses, showing the same
general spatial structure of multi-decadal surface salinity
change, reflecting the broad-scale amplification of the
mean field. In particular large-scale features common to all
studies include the general salinity increases in the sub-
tropical gyres, the strong and almost basin-scale surface
salinification of the Atlantic Ocean, the large freshening of

the western Pacific Warm Pool and the North Pacific
subpolar regions. However there are some noteworthy
regional differences between the various analyses. In
contrast to long-term freshening of the North Atlantic sub-
polar region in Boyer et al. (2005), surface salinity gain is
observed for this region in the present study, as also in
Hosoda et al. (2009) and Durack and Wijffels (2010). This
trend is predominantly associated with strong and persis-
tent salinity increase over roughly 1990-2010, following a
long period of relatively low salinity (Holliday et al. 2008;
Reverdin 2010), that was associated with the Great Salinity
Anomaly (e.g. Dickson et al. 1988; Belkin et al. 1998). The
freshening trend of Boyer et al. (2005) is therefore a con-
sequence of using a shorter time series (up to 1998).
Another notable large-scale difference in the spatial pat-
terns of multi-decadal surface change is encountered in the
tropical Indian Ocean (10°S—10°N, where a clear freshen-
ing signal is obtained in Durack and Wijffels (2010) as
opposed to an increasing salinity trend in our analysis [as
well as in the analysis of Boyer et al. (2005)]. Similarly to
the Southern Ocean, the interior Indian Ocean is a region of
sparse data coverage, resulting in large uncertainties in
long-term trends (Durack and Wijffels 2010).

To quantify amplification of the surface salinity mean
field, Durack et al. (2012) introduced the notion of pattern
amplification (PA), defined by the slope of the linear
regression of basin zonal-mean SSS change against the
local SSS anomaly with respect to global-mean SSS, with
the correlation coefficient of the linear regression indicat-
ing statistical robustness of the PA. Our 60-year PA is
about 5.3 % (r = 0.57, p < 0.05)—see Fig. 2b. In accor-
dance with Durack et al. (2012), marginal seas are exclu-
ded from the analysis, as SSS in such regions is strongly
influenced by local runoff and variable exchanges with the
open ocean.

When we scale the salinity changes to represent 50-year
trends, the PA is about 4.5 %, close to the values derived
by both Hosoda et al. and Boyer et al. analyses (~5 %) as
well as to that of the CMIP3 historic simulations ensemble
mean (~4 %) over 1950-2000 (Durack et al. 2012).
However, our 50-year PA value is significantly lower than
that obtained by Durack et al. over the nominal period
1950-2000 (~8 %), with the corresponding correlation
coefficient also weaker (0.58 vs. 0.71), denoting a less
spatially coherent amplification pattern. In general then,
our multi-decadal salinity anomalies are weaker compared
with Durack and Wijffels (2010). This could be a result of
the objective analysis used to generate the EN3 dataset (the
same applies to the studies of Boyer et al. and Hosoda
et al.). The interpolation procedure in the objective ana-
lysis, particularly in areas of poor observational spatio-
temporal coverage such as the Southern Ocean, may result
in the underestimation of salinity anomalies (e.g. Gouretski
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Fig. 3 Basin-average profile of
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and Koltermann 2007; Gille 2008). This is probably
accentuated further by the monthly grid cell values used in
the EN3 dataset, as opposed to the methodology of Durack
and Wijffels (2010), which uses decadal bins and focuses
on broad-scale footprints.

3.1.2 Sub-surface salinity changes

Partitioned by ocean basin, Fig. 3 shows that on average
the Atlantic is becoming more saline, while the Pacific is
freshening, and the Indian Ocean is gaining and losing
salt above and below ~400 m, respectively. Average-
basin profiles highlight the amplification of the salinity
contrast between salty upper thermocline and fresh
intermediate waters (~ 500-1,000 m) in all three basins.
The 3-D global ocean pattern of salinity change obtained
here is qualitatively comparable to that obtained by
Boyer et al. (2005) for the period 1955-1998 and by
Durack and Wijffels (2010) for the period 1950-2008
although again some regional differences exist that are
probably due to the different periods and methods/
assumptions considered in the trend analysis. Globally
integrated, salinity change is estimated at ~2 x 10~ pss
per 60 years, essentially zero within our error margins (a
value of zero assumes negligible dilution of the World
Ocean over the same period). Long-term trends in some
regions of the deep ocean—while hard to distinguish
from measurement errors and large changes in full-depth
sampling—may be real. For example, a discernible neg-
ative “offset” in the 1,500-3,000 m layer of the Atlantic
Ocean is largely compensated by the large salinity gain
of the upper 500 m.

Salinity changes are evident throughout the upper
2,000 m (Fig. 4). In the upper 500 m (Fig. 4a), encom-
passing the upper thermocline, trends closely resemble
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those at the surface but a stronger amplification of the
salinity contrast between the Atlantic and Pacific Oceans is
evident. In the Atlantic, salinity gain is found almost
everywhere between 30°S and 50°N, whereas the Pacific
sees almost basin-wide freshening. The broad-scale fresh-
ening featured in the upper 500 m layer of the North
Atlantic sub-polar region in Boyer et al. (2005) is not
obtained here, in agreement with Durack and Wijffels
(2010). Terray et al. (2012) showed that strong amplifica-
tion of the tropical/subtropical Atlantic—Pacific surface
salinity contrast from the early 1970s to late 2000s sig-
nificantly exceeded internal natural variability in several
control CMIP3 simulations, while the pattern bears strong
resemblance to anthropogenic responses in transient
twenty-first century simulations. An intensifying contrast
between Atlantic and Pacific salinity is consistent with
enhanced water vapour transport from the tropical Atlantic
to the Pacific in response to broad-scale warming (Richter
and Xie 2010). Other thermocline changes are noteworthy.
Strong salinity gain in the southwest Indian Ocean, coin-
cident with the Agulhas Current system, suggest that
strengthening Agulhas leakage (of high-salinity Indian
Ocean thermocline waters) may account for some of the
salinity gain seen in the South Atlantic. Strong upper ocean
salinity gain is also evident in strongly evaporative mar-
ginal seas such as the Mediterranean Sea, in agreement
with observational studies of long-term salinity changes in
this region (e.g. Rixen et al. 2005). In the Southern Ocean,
a broad-scale freshening pattern is observed in the Pacific
and Indian sectors, in agreement with Durack and Wijffels
(2010), but confidence in these trends is severely limited by
sparse observations (see Fig. 1). There is a notable differ-
ence with the analysis of Boyer et al. (2005), in which a
broad-scale salinification is evidenced in the upper 500 m
layer of the Indian Sector of the Southern Ocean.
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In the underlying 500-1,000 m layer (Fig. 4b) the
widespread trend is freshening, with notable exceptions of
the subtropical North Atlantic and the Mediterranean Sea,
where salinity gain persists. The largest freshening trend in
this layer, in the southwest subtropical Pacific, exceeds —
0.1 pss over 60 years. Patches of weak positive trend are
found around Antarctica, but again confidence in these
trends is very limited. In the 1,000-1,500 m layer (Fig. 4c),
freshening is more clearly associated with Subantarctic and
Subpolar mode waters. By 1,500-2,000 m (Fig. 4d), the
dominant freshening trend in the global ocean is restricted
to subpolar mode water in the North Atlantic while a basin-
wide salinity gain appears in the South Atlantic, but limited
sampling at these depths again restricts confidence.

The 3-D patterns of salinity change indicate propagation
pathways into the ocean interior, and corresponding time-
scales, that are broadly consistent with the large-scale
circulation. Salinity anomalies in lower thermocline waters
at low latitudes are can be traced to intermediate water
masses ventilating at higher latitudes and propagating
equatorward along isopycnal surfaces. Recognising chan-
ges in water masses, specifically on isopycnals, Fig. 5
shows salinity changes on local sub-surface maxima and
minima in mean salinity, as representative of upper ther-
mocline and intermediate waters respectively. This con-
firms that upper thermocline (intermediate) waters are
gaining (losing) salt content almost everywhere in the
global ocean, in accordance with the findings of Helm et al.
(2010) over 1970-2005 (see their Fig. 2a, b). The largest

salinity gain in upper thermocline waters occurs within the
tropical Atlantic while the largest freshening in interme-
diate waters occurs in the South Indian and North Pacific
subtropical gyres, in agreement with Helm et al. (2010).
Figure 6 shows the 60-year salinity change zonally
averaged in latitudinal sections across the three major
ocean basins. A repeated pattern in each southern hemi-
sphere subtropical region is the freshening signal coinci-
dent with subduction into the Southern Ocean thermocline,
following the pathways of SAMW and AAIW along iso-
pycnals at intermediate depths. This broad-scale freshening
pattern at intermediate depths of the southern hemisphere is
also clearly featured in the trend analyses of Durack and
Wijffels (2010) (see their Fig. 7a, d, g) and Helm et al.
(2010) (see their Fig. 3c) but it is not evidenced in Boyer
et al. (2005), which did not benefit from the enhanced data
coverage provided by the ARGO programme. Underlying
this freshening pathway in the South Atlantic we find a
layer of increasing salinity that extends from the surface
Southern Ocean around 50-60°S to the subtropics and
tropics of the South Atlantic at 1,200-2,000 m (see
Fig. 6a), in agreement with Durack and Wijffels (2010).
Although limited sampling in this region (see Fig. 1)
restricts again confidence in the long-term trend, the
salinity gain of this layer may be linked to a southward
shift of the Antarctic Circumpolar Current (ACC) front
(Alory et al. 2007; Gille 2002). The shift of the outcropping
isopycnals around the ACC front to either fresher or saltier
surface regions within the Southern Ocean may result in
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Salinity linear trend (pss/60 yrs) on salinity minimum surface

— 0.1

0.05

Fig. 5 Salinity linear trend (pss/60 years) on (vertically) local sub-
surface maxima (a) and minima (b) in mean salinity. Climatological
mean salinity contours are plotted every 0.5. Regions where the linear
trend is not significant at the 95 % confidence level are stippled in

gray

strong salinity anomalies being propagated along isopycnal
surfaces to deeper parts of the subtropical/tropical regions.

Below 1,000 m in the North Atlantic, a pronounced
dipole of multi-decadal salinity anomalies (magnitude
exceeding 0.05 pss) suggests the propagation of distinct
water mass signals characterised by strong trends of
opposite sign: a salinity gain signal associated with the
Mediterranean outflow at 1,000-1,500 m depth propagat-
ing both south-westward into the central North Atlantic and
northward along the European continental slope, and a
freshening signal associated with the Labrador Sea Water
(LSW) propagating southward from the northern North
Atlantic and through the subpolar gyre to the subtropics
(see Fig. 4c). A large dilution of the Northern North
Atlantic sub-polar areas and the Nordic Seas down to
2,000 m depth took place between the mid-1960s and the
mid-1990s, mainly linked to the GSAs (Curry and Mau-
ritzen 2005; Boyer et al. 2007). Conversely, the Mediter-
ranean Sea underwent a strong salinity gain over the
second half of the twentieth century, attributed to large
changes in the air-sea freshwater fluxes and a drastic
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reduction of river freshwater inputs associated with dam-
ming (Rohling and Bryden 1992; Bethoux and Gentili
1999; Skliris et al. 2007). Our results show that below
1,000 m, the Mediterranean basin underwent the strongest
salinity gain anywhere in the World Ocean over
1950-2010 (>0.05 pss over 60 years in the 1,000-1,500 m
layer, see Fig. 4c). There is a discernible trend of increased
salinity in key Mediterranean intermediate and deep water
masses and this “Mediterranean signal” of change is also
clearly imprinted in the North Atlantic intermediate waters
through the propagation of the Mediterranean Overflow
Water (MOW) (Curry et al. 2003; Potter and Lozier 2004;
Bindoff et al. 2007; Durack and Wijffels 2010). The
northward branch of MOW eventually reaches the North
Atlantic deep water formation sites, providing high salinity
waters that may contribute to the preconditioning of North
Atlantic Deep Water, potentially playing a significant role
in the global meridional overturning circulation (Reid
1979; McCartney and Mauritzen 2001). However, the
salinity gain signal associated with the northward MOW
branch obtained here is of limited extent, and does not
reach the subpolar gyre (see Fig. 4c). The northward pen-
etration of MOW was recently shown to be an intermittent
feature, depending upon the expansion/contraction of the
North Atlantic subpolar gyre and the location of the sub-
polar front, which is in turn shown to vary with the NAO
(Lozier and Stewart 2008). During the persistent increasing
positive-phase NAO period of the 1960s-early 1990s, the
subpolar front moved eastward, essentially blocking the
northward-flowing MOW and preventing its entry to the
subpolar gyre (Lozier and Stewart 2008).

Figure 7 shows annual layer-averaged salinity anoma-
lies in the subtropical and subpolar gyres of the North
Atlantic, in the upper ocean (0-500 m, Fig. 7a) and at the
depth of North Atlantic Deep Water (1,500-2,000 m,
Fig. 7b). A clear impression from these time series is
predominant decadal variation, with opposing changes in
upper and deep layers, and significant correlation between
changes in the two gyres, consistent with rapid meridional
advection of salinity anomalies. Although the North
Atlantic sub-polar region underwent salinity gain during
the last two decades, the large freshening signal that
occurred in the 1970s—1980s during the Great Salinity
Minimum period (Dickson 1988; Belkin et al. 1998) seems
to be propagating until at least the early 2000s in the
subtropical North Atlantic down to 2,000 m depth. Rela-
tively strong positive correlations (r > 0.65, p < 0.01)
were obtained between annual salinity anomalies in the
subpolar and subtropical gyre, in both the upper 500 m and
the deep 1,500-2,000 m layer, suggesting that salt advec-
tion plays a major role in controlling salinity changes in the
North Atlantic. The salinity increase in the upper 500 m of
the subpolar gyre over recent decades closely follows that
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of the subtropical gyre, whereas the subtropical gyre
freshening signal at 1,500-2,000 m follows that of the sub-
polar gyre, with a maximum correlation lag of 7 years.
Unlike the North Atlantic, the poorly-ventilated North
Pacific underwent much weaker changes in intermediate/
deep layers, with the signal of change concentrated at
shallow depths. This is consistent with Ekman suction as a

40S 208 0 20N

primary influence on the variability of sub-surface water
mass properties.

In summary here, our analysis of sub-surface salinity
changes reproduces the main results of Helm et al. (2010)
and Durack and Wijffels (2010), including the increased
salinity contrast between the upper layer Atlantic and
Pacific oceans and between the upper thermocline salinity
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Fig. 7 Annual layer-averaged salinity anomalies in the subtropical
and subpolar gyres of the North Atlantic: a 0-500 m;
b 1 500-2 000 m. Correlation coefficients between the time series
and standard error bars are also shown

maximum and the salinity minimum of intermediate
waters. This further strengthens the case that long-term
change of the 3-D salinity field, as assessed from several
independent studies that have considered different datasets,
time periods and many different analysis assumptions,
underscores that oceanic water cycle change is very likely
to have occurred over the observational record.

3.1.3 E-P changes

A common problem when estimating long-term trends in
the E-P field using re-analyses or blended re-analysis/
satellite-derived products is the inhomogeneities arising in
the time series due to the changing observing system and
the inclusion of new (mainly satellite) data sources (e.g.
Trenberth et al. 2005; Yu et al. 2008; Schanze et al. 2010).
Major transition events in data composition include the
beginning of the Outgoing Longwave Radiation (OLR)
Precipitation Index (OPI) mission (1979), changes attrib-
uted to the availability of AVHRR SST data (1982 and
1985), and, in particular, the inclusion of SSM/I data
(1987), which greatly increased spatial and temporal res-
olution in these datasets (Schanze et al. 2010). As a con-
sequence, analysis for both 1950-2010 and 1979-2010
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periods considered herein is affected by these discontinu-
ities in data composition, compromising trend estimates.
With this caveat in mind, we first consider changes in E-P
over the 60-year period since 1950. At this timescale there
are just two atmospheric reanalyses available, NCEP/
NCAR and 20CRv2, and unfortunately these are not
independent. The lack of independence arises because the
20CRv2 makes use of an NCEP numerical weather pre-
diction model. The primary difference between the two is
that 20CRv2 assimilates a restricted range of data types
(just sea level pressure with SST as a boundary condition)
whereas input data to NCEP/NCAR covers a wide range of
variables (Compo et al. 2011; Kistler et al. 2001). Taking
this issue into account, we examine E-P trends in the two
datasets, expecting a reasonable level of agreement due to
the lack of independence.

Figure 8 shows global ocean spatial patterns of
1950-2010 linear trends in E-P, E, and P, for 20CRv2 and
NCEP/NCAR. The two products agree in the sign of E-P
trend (Fig. 8c) at about 65 % of ocean grid points, but
agreement at this level or greater is to be expected given
that they are not independent, so this should not be inter-
preted as providing support for the trends shown. More-
over, only about half of these grid points showing sign
agreement present statistically significant trends in both
products. Large regions characterised by trends that are
opposite in sign are found in the tropics with a reasonable
level of co-ordination in the location of these regions
between the two products but some areas of notable dis-
agreement, in particular the tropical Atlantic. The southern
hemisphere subtropics tend to exhibit a positive trend in E—
P and the Southern Ocean and sub-polar regions a negative
trend. Large differences in the E-P trend patterns between
the two products are evident in a number of regions, par-
ticularly the North Atlantic. This is of particular concern
given the use of NCEP NWP models for each product and
suggests low confidence in the trends at 60-year timescales.
Note also that the 60-year changes in E-P are much less
spatially coherent than those in SSS discussed earlier.

Considering the individual terms, the level of agreement
between the two products is comparable for E (64 % sign
agreement, root mean square difference (rmsd) = 0.18 m/
year) and P (65 % sign agreement, rmsd = 0.26 m/year)
(Fig. 8f, 1). For both products, the major contributor to the
60-year change in E-P is the precipitation field. The pre-
cipitation trend is larger than the evaporation trend at 62
and 61 % of ocean grid points for 20CRv2 and NCEP/
NCAR reanalyses, respectively. Especially in the tropical
region, where the largest variability signals occur, precip-
itation clearly drives E-P changes, whereas the contribu-
tion of the evaporation field to E-P change is mainly
concentrated in the subtropical regions.
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20CRvV2 E-P change (m/yr) over 1950-2010
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Fig. 8 E-P, E and P linear trend (m/year/60 years) spatial pattern
over 1950-2010, in 20CRv2 (a, d, g) and NCEP/NCAR (b, e, h).
Regions where the linear trend is not significant at the 95 %
confidence level are stippled in gray. Climatological mean E-P
contours are plotted every 0.5. The level of trend sign agreement

As for near-surface salinity, we have investigated pos-
sible amplification of the E-P mean field by computing its
PA, i.e. defined by the slope of basin zonal-mean E-P
change versus E-P climatological mean (of long-term
averages), and the corresponding correlation coefficient of
the linear regression for both products (Fig. 9). Both pro-
ducts indicate an amplification of the E-P mean field with
the obtained PA for 20CRv2 (~7 %, p < 0.05) being
slightly higher than for NCEP/NCAR (~6.5 %). On the
other hand, the PA from both re-analysis products is much
higher than that for the CMIP3 ensemble mean over
1950-2000 (~2 %) (Durack et al. 2012). However, both
reanalysis E-P projections show a relatively large spread of
the points around the regression line, with the correlation

NCEP/NCAR P change (m/yr) over 1950-2010

T

Sy

among the two re-analysis products (c, f, i). Red colour indicates
common positive trend among the two products, blue colour indicates
common negative trend and white colour indicates no agreement in
the trend. Regions where trends from both products are significant at
the 95 % confidence level are stippled in black

coefficients being quite small (R = 0.39 for 20CRv2, and
R = 0.20 for NCEP/NCAR) as compared with SSS PA
(R = 0.58). Hence we have limited confidence in the re-
analysis E-P estimates of water cycle intensification.
Some improvement in the reliability of the reanalysis
products might be expected from 1979, with the advent of
operational satellite observation and the assimilation of
satellite data into the models used for the reanalyses. Fig-
ure 10 shows the spatial patterns of E-P trend for four
reanalysis and two hybrid reanalysis/observations products
after 1979. The four reanalyses are NCEP/NCAR (also
commonly termed NCEP1), NCEP/DOE (termed NCEP2),
20CRv2 and ERA-Interim. The first three of these all make
use of NCEP NWP models and are thus not independent.
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Fig. 10 E-P changes after 1979, in: a 20CRv2; b NCEP/NCAR;
¢ NCEP/DOE; d ERA-Interim; e COREV2; f OAFlux (E)-GPCP (P).
Regions where the linear trend is not significant at the 95 %
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REv2 and OAFlux/GPCP) and the NCEP-based products,
but ERA-Interim shows a largely opposite trend towards
increased net evaporation in the tropical Pacific and Indian
Oceans. Strong positive E-P trends are evident in the
southern hemisphere subtropical regions in all of the pro-
ducts considered. However, elsewhere there are still nota-
ble regional differences in both the location and magnitude
of E-P changes between the various products. For example,
the mid-high latitude North Atlantic shows changes rang-
ing from a strong increase in net evaporation (OAFlux/
GPCP) to a strong reduction (NCEP/NCAR).

The level of sign agreement in the E-P trend, when
comparing all possible pairs among the six available

NCEP/DOE E-P change (m/yr) over 1979-2010
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confidence level are stippled in gray. Climatological mean salinity
contours are plotted every 1.0
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E-P change (1979-2010): 6 products

180

Fig. 11 Level of sign agreement in the E-P trend over 1979-2010 in
all six products presented in Fig. 10. Red colour indicates common
positive trend among products, blue colour indicates common
negative trend among products and white colour indicates no
agreement in the trend among products

products, ranges from 55 % (NCEP/NCAR vs. ERA-
Interim) to 82 % (NCEP/NCAR vs. NCEP/DOE) and, as
expected, it is closely related to the degree of dependency
between products. We have attempted to determine regions
of consistent E-P trends by investigating the level of sign
agreement in the E-P trend in two different combinations
of reanalysis/observational products. For this, we have
chosen a subset of four products (NCEP/NCAR, OAFlux/
GPCP, COREv2 and ERA-Interim), including only one
NCEP-based re-analysis and the full set of six products.
The level of agreement drops from 33 % when comparing
the four-product subset to 25 % when comparing all six
products (Fig. 11). The main feature to emerge from the
figure is the pattern of increased E-P in all three southern
hemisphere subtropical gyres (with the largest signal being
evident in the South Pacific), seen in all of the products
considered.

The large differences in the spatial patterns of E-P trend
among the products are mainly driven by differences in the
precipitation field (not shown). In this context, we note
again that the change in satellite data sources used in the
various reanalysis/observational products within this period
seems to be problematic in defining realistic trends (e.g.
Schanze et al. 2010; Trenberth et al. 2011). A tendency for
more positive trends in ERA-Interim E-P (see Fig. 10d) as
compared with the other products may reflect spurious
decreases in P over the period, related to the assimilation of
satellite observations (John et al. 2009; Dee et al. 2011).

In general, regional precipitation trends are much
stronger in reanalysis datasets as compared to GPCP,
which is probably associated with too-intense water
cycling in most reanalysis models (e.g. Trenberth et al.
2011). There is more consistency between the various

reanalysis products in the spatial patterns of evaporation
change (not shown), which are in general strongly con-
strained by the assimilated satellite-derived SST data. For
all products, precipitation change is again larger than
evaporation change at the majority of ocean grid points
(ranging between 60 and 65 % of ocean grid points for the
six E-P products). In summary, the results presented here
for E, P and E-P spatiotemporal patterns, derived from
global re-analysis/observational datasets, highlight the
strong limitations and large discrepancies among these
products in representing long-term variability and trends
over the ocean, in agreement with previous studies (e.g.
Yin et al. 2004; Trenberth et al. 2005; Schanze et al. 2010;
Trenberth et al. 2011).

3.2 Linking SSS changes to E-P changes

The spatial distribution of the mean SSS field strongly
resembles that of the mean E-P field since the latter is the
main driver of its variability. However, the SSS mean
presents a much smoother pattern, reflecting the role of
ocean advection and mixing in homogenizing air-sea
freshwater flux anomalies to restore global freshwater and
salt balances (Wijffels 2001). A few recent studies have
investigated the relationship between surface salinity and
E-P at monthly to inter-annual time scales.

Yu (2011) found major E-P controls on seasonal mixed-
layer salinity variability in the tropical convergence zones
featuring heavy rainfall, whilst outside the tropics Ekman
advection and then vertical entrainment were the dominant
processes controlling salinity variability. Vinogradova and
Ponte (2013) investigated the link between surface salinity
and freshwater fluxes in the global ocean, based on a
model/data synthesis of 13 years. They showed that there
are only a few regions where salinity can be used as a
proxy for freshwater flux, demonstrating the importance of
ocean advection and mixing processes in shaping the local
and global mean salinity fields. Hasson et al. (2013)
investigated mechanisms controlling the mixed-layer
salinity in the tropical Pacific during 1990-2009. They
demonstrated that all terms of the mixed-layer salinity
equation, including high-frequency salinity advection, have
to be considered to close the salinity budget, ruling out the
use of sea surface salinity to directly infer the mean and
seasonal/inter-annual variability of freshwater fluxes.
Tzortzi et al. (2013) used one year of spatially dense
observations from the SMOS satellite to reveal dominant
mechanisms of tropical Atlantic sea surface salinity vari-
ability and to investigate links with freshwater flux vari-
ability at monthly timescales. The authors found a clear in-
phase relationship between SSS and P only in a western
pole of strong variability near the Amazon/Orinoco outflow
system, emphasizing the importance of ocean advection
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SSS change: 1979-2010

Fig. 12 Linear trend a
(1979-2010) in a SSS
(Climatological mean salinity
contours are plotted every 0.5)
and b GPCP P (climatological
mean E-P contours are plotted
every 0.5). ¢ Correlations
between detrended time series
of SSS and GPCP P over
1979-2010. Regions where the
linear trend/correlation is not
significant at the 95 %
confidence level are stippled in
gray

b GPCP Precipitation change (m/yr) over 1979-2010
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and mixing elsewhere. At global scale, however, Durack
et al. (2012) found a strong relationship between 50-year
salinity and E-P changes in an idealized ocean-only model
forced by a 5 % linear increase in E-P. These idealised
simulations appeared to qualitatively capture the surface
and sub-surface broad-scale patterns of salinity change for
each basin. The authors also found a similar spatial
response to the observed changes in those historical CMIP3
simulations which present strong warming over 1950-2000
(>0.5 °C).

In the present study, we investigate the link between
near-surface salinity and E-P at inter-decadal and inter-
annual scales. We use both the 1950-2010 time series,
which may reveal any link between the spatial patterns of
long-term change in the two variables, and the 1979-2010
time series, which is better constrained by the observational
coverage and hence it is expected to better represent the co-
variability of the two variables at inter-annual/decadal
timescales.

The comparison between the spatial patterns of change
of SSS (see Fig. 2a) and the two re-analysis E-P products
(see Fig. 8a, b) over 1950-2010 shows very limited con-
sistency. There is some consistency in the southern hemi-
sphere subtropical regions, showing a salinity/net
evaporation increase, as well as in the high latitude Pacific,
showing a freshening trend, but in both cases broad-scale
patterns in E-P are much less spatially coherent than those
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in SSS. There is also a consistent freshening trend in the
Southern Ocean, which is, however, characterised by large
uncertainty due to poor spatiotemporal sampling for both
parameters. Large discrepancies are found in the North
Atlantic, where the strong basin-scale salinity gain is not
supported by the E-P change pattern in both reanalyses.
Moreover, the well-coordinated widespread freshening in
the west part of the tropical Pacific obtained in the SSS
change pattern is not produced in that of E-P, the latter
showing very strong spatial variability with patches of
increasing and decreasing water flux in both reanalyses.

For 1979-2010, greater consistency in the spatial pat-
terns of change between SSS (Fig. 12a) and the various E-
P products (see Fig. 10) is obtained. More coordinated
broad-scale patterns of increased salinity/net evaporation
are found in the southern hemisphere tropical/subtropical
evaporative regions. A pronounced dipole of increased
salinity/drying and decreased salinity/freshening emerges
between the westernmost and central parts of the tropical
Pacific, which is a common pattern in all E-P products.
However, major discrepancies persist, such as the mid- and
high-latitude North Atlantic, where the strong salinity gain
is not consistent with the E-P change pattern for all pro-
ducts except for OAFLUX-GPCP.

A way to investigate the local spatial consistency
between surface salinity and freshwater flux is to project
the spatial pattern of basin zonal-mean near-surface salinity
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Fig. 13 Projection of the SSS climatological mean and multi-decadal
change pattern on the 20CRv2 E-P climatological mean (a) and
multi-decadal change pattern (b), respectively, over 1950-2010.
¢ Projection of the SSS multi-decadal change pattern on the
OAFLUX-GPCP E-P multi-decadal change pattern over
1979-2010. The correlation coefficient (R) of the linear regression
is also depicted

on the pattern of basin zonal-mean E-P for the climato-
logical mean and multi-decadal change (Fig. 13). We have
examined this relationship for the two long-term re-ana-
lysis products (NCEP/NCAR and 20CRv2). In each case,
an overall pattern of increasing salinity with increasing E—
P emerges (r = 0.72 for NCEP/NCAR and r = 0.74 for
20CRv2 (Fig. 13a), both significant at the 95 % level; the
similarity of these correlations is to be expected given the
lack of independence between 20CRv2 and NCEP/NCAR
discussed earlier). This demonstrates the expected

relationship between the spatial patterns of the two water
cycle variables.

One may also expect some consistency between the E—
P/SSS spatial patterns of multi-decadal change, although
ocean circulation and mixing may efficiently propagate
salinity anomalies induced by local surface freshwater
budget anomalies away from their formation sites, strongly
shaping the spatial pattern of salinity change. In addition,
uncertainty in the temporal variability of E-P is also likely
to make identification of a relationship between SSS and
E-P difficult. The correlation coefficients between the SSS
and E-P 60-year change (1950-2010) spatial patterns are
very low for both NCEP/NCAR (r = 0.10) and 20CRv2
(r = 0.15) (Fig. 13b), indicating no significant long-term
local link between the two variables. If the period is
restricted to the more recent interval 1979-2010, similarly
low r-values are obtained for all four re-analysis datasets
(NCEP/NCAR: r=0.11, 20CRv2: r=0.16, ERA-
Interim: r = 0.07, NCEP/DOE: r = 0.15).

Higher, statistically significant correlations are obtained
for the combined re-analysis/observational 1979-2010
datasets i.e. COREv2 (r = 0.33, p < 0.05) and OAFLUX-
GPCP (r = 0.51, p < 0.05; Fig. 13c). The latter dataset
shows the strongest link between SSS and E-P change
patterns over 1979-2010, with the correlation coefficient
being closer to that of projected E-P/SSS climatological
mean patterns (r = 0.70). The GPCP dataset is considered
by Schanze et al. (2010) to be the state-of-the art product to
study long-term changes in the precipitation field over the
global ocean. The OAFlux E dataset has also been shown
to be in closer agreement with the limited number of
available surface flux buoy estimates (Yu et al. 2008) than
various re-analysis products (NCEP/NCAR, NCEP/DOE,
ERA-40).

In summary, except for the OAFLUX-GPCP and to a
lesser extend for the COREv2 1979-2010 datasets, there is
no immediately evident relationship between SSS and E-P
change in any of the re-analysis datasets investigated for
the two periods considered. This result may point to
importance of other physical mechanisms (advection and
mixing), inadequacies in the global E-P re-analysis and
salinity datasets, different signal to noise ratio in the two
variables, or the need for a more sophisticated analysis
method to reveal the relationship.

We have also considered potential relationships between
SSS and E-P variability at inter-annual timescales, likely
to reflect different processes to those associated with any
multi-decadal change in the hydrological cycle. In general,
higher local inter-annual correlations between SSS and E—
P are expected in the tropical convergence zones featuring
strong precipitation, whereas low correlations are expected
outside the tropics where salt advection and vertical
entrainment seem to play a predominant role in locally
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shaping the spatial pattern of salinity change (e.g. Yu
2011). Examining local correlations between SSS and E-P
annual time series over 1950-2010 and 1979-2010, from
both the 20CRv2 and the NCEP/NCAR datasets, we find
little evidence for a direct local link between surface
salinity and the two reanalysis-derived surface freshwater
flux patterns at inter-annual timescales, except for limited
areas of significant positive correlation in the tropical
Pacific. Stronger correlations and relatively more coordi-
nated spatial patterns are obtained between SSS and
20CRv2 E-P (i.e. as compared with NCEP/NCAR). Some
of the poor agreement between E-P and SSS change may
be related to limitations in derived fields of both salinity
and freshwater fluxes, the products of objective analysis
and reanalysis respectively, both strongly dependent on the
quality and quantity of the available observations. Until
roughly the late 1960s, inter-annual correlations are quite
low even in regions where typically the two variables are
closely linked such as the West Pacific Warm Pool (i.e.
r < 0.2 over 1950-1970, r > 0.5 over 1970-2010).

A greater level of consistency emerges between the
patterns of SSS and both NCEP/NCAR and 20CRv2 E-P
change after 1979, evident in the 1979-2010 spatial cor-
relation patterns of the two annual time series (not shown).
The stronger correlations between E-P and SSS after 1979
are largely driven by SSS/P co-variability. The most
enhanced and spatially coherent correlation patterns over
1979-2010 among all products are obtained between GPCP
precipitation and SSS (see Fig. 12). This is particularly
evidenced in the tropics, where precipitation clearly dom-
inates the strong E-P trend that is driving the salinity
change. We also confirmed this region of robust correla-
tions for the period 1998-2010 using Tropical Rainfall
Measurement Mission (TRMM) high-resolution data (not
shown). In contrast with P, correlations between E and SSS
are generally poor among all reanalysis products, with
poorly coordinated patterns of co-variability (not shown).

Figure 14 shows the normalised area-averaged annual
anomaly time series of SST, SSS and respectively NCEP/
NCAR precipitation and evaporation, in the Western
Pacific Warm Pool and the subtropical gyre of the North
Atlantic, two regions with a very strong signal of salinity
change which is suggested to be an early fingerprint of
anthropogenic forcing (e.g. Stott et al. 2008; Terray et al.
2012; Pierce et al. 2012). Results highlight the large
evaporation increase/salinity gain in the North Atlantic
subtropical gyre and precipitation increase/freshening in
the Western Pacific Warm Pool, both highly correlated
with the SST increase after the early 1970s and consistent
with amplification of the water cycle under global warm-
ing. However, it is still difficult to determine if this is a
long-term trend in the water cycle components driven by
warming or a natural multi-decadal variability signal
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Fig. 14 Normalised (by maximum absolute value) yearly anomalies
(dashed lines) of near surface temperature (EN3), salinity (EN3) and
respectively precipitation and evaporation (NCEP/NCAR), in a the
Western Pacific Warm Pool and b the subtropical gyre of the North
Atlantic. 5-year running means (solid lines) are also depicted

related to variations in ENSO and/or the atmospheric
tropical circulation (e.g. Sohn et al. 2013).

Results show a link in the tropical Pacific over the
1979-2010 period between the spatial change patterns of
SSS and E-P that is consistent with enhanced La-Nifa
conditions, typically evidenced by large freshening of the
West Pacific Warm Pool and the Indonesian Throughflow
and large drying of the central Pacific. Figure 15a, b shows
the correlation spatial patterns between the 1979-2010
time series of Southern Oscillation Index (SOI) and, SSS
and P, respectively. There is a clear ENSO imprint on the
variability of both parameters involving an out-of-phase
oscillation with coherent opposite variation patterns
between the central and westernmost parts of the Tropical
Pacific. Correlation patterns indicate that SOI variations
explain around 30-50 % of SSS and P variability in the
central/west tropical Pacific. The SOI annual variations
over 1979-2010 (Fig. 15¢) shows a period of high negative
values indicating prevalent El-Nifio conditions with strong
El-Nifio episodes over roughly the first two decades
(peaking at the exceptionally strong El-Nifio of 1997/1998)
followed by a period of increasing La-Nifia (positive val-
ues) and less strong El-Nifio (low negative values) episodes
over the rest of the record. Hence ENSO multi-decadal
variability exerts a significant control on the spatial
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Fig. 15 Spatial patterns of correlation between detrended annual
time series of Southern Oscillation Index (SOI) and, a SSS (EN3) and
b precipitation (GPCP). ¢ Yearly averaged SOI over 1950-2010

patterns of E-P/SSS linear trends in the tropical Pacific
Ocean over 1979-2010. The common SSS/E-P pattern of
spatial change obtained here is also quite similar to the
spatial pattern of the 3" leading Empirical Orthogonal
Function (EOF) mode of E-P variability obtained by
Schanze et al. (2010), who showed that this is the major
non-seasonal variability mode of E-P that is highly linked
to ENSO. Moreover, there is some observational evidence
of a strengthening of the Walker circulation over this
period, associated with an increase in the east—-west SST
gradient in the Tropical Pacific (e.g. Merrifield 2011; Sohn
et al. 2013; L’Hereux et al. 2013), which may also partly
explain E-P spatial variability in this region.

3.3 Inferring freshwater flux changes from salinity
changes

Our study and others in the literature that employ different
assumptions (Boyer et al. 2005; Hosoda et al. 2009; Durack
and Wijffels 2010; Helm et al. 2010) show similar coher-
ent, broad-scale patterns of salinity change. As shown
above, E-P data derived by reanalysis/observational pro-
ducts have much less consistent and less spatially coherent
change patterns. Hence, we have more confidence in the
observed global pattern of multi-decadal change for salin-
ity than for E-P. Consequently, salinity may provide a
more reliable measure than E-P in order to diagnose and
quantify the strengthening of the water cycle over the
ocean. A few recent studies have inferred long-term surface
freshwater flux changes from the observed salinity chan-
ges. Hosoda et al. (2009) estimated a global E-P amplifi-
cation of about 3.7 % from the mid-1970s to mid-2000s
using the observed salinity change in the upper 100 m
between the WODOS5 climatology (spanning 1960-1989)
and the ARGO climatology (2003-2007). The authors
made the assumptions that the horizontal advection/mixing
field is constant and that there is no freshwater/salt
exchange below 100 m. The latter is a rather strong
assumption taking into account the observed large sub-
surface salinity changes at depths exceeding 2,000 m in
some regions. Moreover, it is difficult to distinguish the
sources of sub-surface salinity changes on pressure sur-
faces as they are attributable to both isopycnal heave which
is mainly driven by wind stress changes, and water-mass
modification which is largely driven by changes in the air—
sea heat/freshwater fluxes (Bindoff and McDougall 1994).

In contrast, isopycnal surfaces appear to be more natural
advective pathways of salinity anomalies as compared with
pressure surfaces. Under the assumption that diapycnal
mixing in the ocean interior is very weak, sub-surface
salinity changes on a particular isopycnal surface may be
directly linked to surface salinity anomalies and hence to
freshwater flux anomalies at the outcropping region of this
isopycnal surface (Bindoff and McDougall 1994). Based
on that principle, Helm et al. (2010) inferred the surface
freshwater flux change over 1970-2005 by integrating the
salinity change and volume along density surfaces from the
outcrop region to the equator in each hemisphere. All first-
order freshwater changes were assumed to be due to local
E-P changes in the extratropics (near-equatorial E-P
changes cannot be determined by this method). The authors
estimated a 3 & 2 % increase in net evaporation over the
mid and low latitude oceans in both hemispheres, a
7 + 4 % increase in net precipitation in the Northern
Hemisphere high latitudes, and a 16 = 6 % increase in the
Southern Ocean.
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However, such analysis may significantly underestimate/
overestimate E-P changes, since sub-surface salinity changes
on isopycnal surfaces are not only attributed to local surface
freshwater budget changes but may be also induced by the
horizontal shift in isopycnal outcrops. Over recent decades,
there has been a predominantly poleward shift in isopycnal
outcrops driven by broad-scale warming (Durack and Wijffels
2010). Poleward migration of an outcropping isopycnal sur-
face towards a fresher region may induce lower salinity being
subducted along this particular isopycnal in the sub-surface
ocean interior in the absence of local E-P change. Durack and
Wijffels (2010) showed that a large fraction of sub-surface
salinity changes over 1950-2000 was induced by this warm-
ing-driven migration of isopycnal surface outcrops. More-
over, salinity changes in deeper layers of the major ocean
basins may also be driven by the T-S modification of
inflowing water masses, e.g. Mediterranean outflow and dense
overflows at higher latitudes in the North Atlantic, and Red
Sea/Persian Gulf overflows in the Indian Ocean.

Another drawback of both the aforementioned studies is
that they used a relatively short period to infer freshwater flux
changes (~30-35 years), with natural decadal modes of
variability probably dominating a significant part of the
observed salinity change. In a recent study, Durack et al.
(2012) used an indirect method to infer the rate of global
water cycle intensification over 1950-2000 from the PA of
the observed SSS, and PAs for SSS and E-P in the ensemble
of CMIP3 simulations. Using the CMIP3 model relation-
ships between PAs for SSS and E-P, Durack et al. (2012)
established that the PA for SSS increases at twice the rate of
the PA for E-P. Applying this relationship to their observed
SSS PA estimate of ~8 %, they inferred that the global
water cycle has amplified by ~4 % over 1950-2000.
However, apart from the observed salinity change, the
accuracy of this method depends on the ability of CMIP3
models to properly simulate the response of both E-P and
SSS to warming. CMIP3 historic simulations present much
less consistent and robust results regarding the relationship
between E-P/SSS PA and SST change, with a large spread
between models especially at low warming rates. Impor-
tantly, the CMIP3 ensemble mean shows a 50 % weaker
surface salinity PA over the second half of the twentieth
century/early twenty-first century as compared to that
observed by Durack et al. (2012).

In the present study we use an alternative method to
infer the yearly E-P change from the yearly volume-
averaged salinity change in a volume bounded by the sea
surface and specific neutral density surfaces, using an
approximate salt conservation equation:

PStVi = Py St ae (Vi + hA,) (1)

where p is in situ volume and annually-averaged density
(kg m?), S is the volume and annually-averaged salinity,
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V is the annually-averaged volume of integration bounded
by the sea surface and chosen neutral density surfaces, 7 is
time (year), At is an integration time step (=1 year), A is
the sea surface area of integration bounded by the neutral
density surface outcrops, and % is the annually-averaged
height (m) per unit area of freshwater accumulated or lost
at the surface due to change in the surface freshwater flux.
Hence the inferred E—P change (m/year) over time At is
given by h/At.

The advantage of this method is that yearly horizontal/
vertical shifts of isopycnal surfaces are explicitly taken into
account in the salt content computations. The outcropping
locations of a neutral density surface and hence the hori-
zontal sea surface extent of the area of integration are
allowed to vary from one year to another. It is important to
thus account for the horizontal migration of isopycnal
surface outcrops, which is shown to induce large sub-sur-
face salinity changes (Durack and Wijffels 2010). How-
ever, E-P changes cannot be resolved as zonal averages or
for specific regions separately for each hemisphere using
this method.

By knowing the approximate locations of isopycnal
outcrops in each oceanic basin, the choice of particular
isopycnals enable us to estimate freshwater flux changes on
a surface area roughly covering three specific regions of
interest: “tropical”, “subtropical” and “subpolar” regions
of both south and north hemispheres. In the Atlantic, we
bound the isopycnal layer with a maximum of y = 27.4 to
exclude the influence of the overflows from large marginal
seas that are known to have a large impact on the salt
budget of the basin and which could affect our salt con-
servation computations, namely the MOW (with a main
core approximately located on y = 27.5) and LSW (with a
core approximately located on y = 27.8). The area delim-
ited by the outcrops of isopycnal y = 24 approximately
covers the tropical region, the y = 24 and y = 26.5 out-
crops encompass the subtropical gyres in both hemi-
spheres, and the y=26.5 and 7y = 27.4 outcrops
encompass large parts of the Southern Ocean and the North
Atlantic subpolar gyre. For the Pacific Ocean, tropical,
subtropical and subpolar regions are delimited by y < 23,
23 <y <255, and 25.5 < y < 27.4, respectively. For the
Indian Ocean, tropical, subtropical and subpolar regions
are delimited by y<23, 23<7<26.2, and
26.2 < y < 27.4, respectively.

Figure 16 shows averaged salinity trends over
1950-2010 in isopycnal layers, with surface outcrops
delimiting tropical, subtropical and subpolar regions for
each ocean basin, as defined above. In the tropics, the is-
opycnal layer is bounded by the sea surface and y = 24 for
the Atlantic, and y = 23 for the Pacific/Indian oceans.
These isopycnal surfaces lie in the upper thermocline in
most parts of the tropical ocean, with surface outcrops
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encompassing the ITCZ. Spatially coherent broad-scale
patterns of salinity change are indicative of the integrated
surface freshwater flux change over this period in each

oceanic basin. In the Atlantic, a strong salinity gain is
evident throughout this isopycnal volume, indicating an
increase in the net evaporation at the sea surface (Fig. 16a).

@ Springer



730

N. Skliris et al.

Similarly in the Indian Ocean, there is net basin-scale
salinity gain within this isopycnal volume (although much
less so than in the Atlantic), again the result of increased
net evaporation at the surface. On the other hand, in the
tropical Pacific there is a strong decreasing trend in the
western part of the basin, revealing a large freshening of
the Western Pacific Warm Wool, while there are no sig-
nificant trends in most of the central and eastern parts of the
basin.

The isopycnal layer with surface outcrops delimiting
subtropical regions, encompasses lower thermocline waters
in most of the tropical and subtropical areas. In both the
Atlantic and Indian oceans, there is a widespread salinity
increasing trend throughout this isopycnal volume, indi-
cating a strong increase in net evaporation at the sea sur-
face in the subtropics (Fig. 16b). On the other hand, in the
Pacific Ocean, the strong salinity gain across the South
Pacific subtropical gyre is largely compensated by a broad-
scale freshening trend in the western part of the North
Pacific subtropical gyre. The isopycnal layer with surface
outcrops delimiting subpolar regions, encompasses inter-
mediate/mode waters throughout the global ocean. A
widespread freshening is evidenced throughout this iso-
pycnal volume in the south hemisphere following the
pathways of Subantarctic and Subpolar mode waters within
all three oceanic basins (Fig. 16¢). A broad-scale freshen-
ing is also observed in the North Pacific, resulting in a
strong net precipitation increase over the whole high-lati-
tude Pacific ocean. In contrast, in the North Atlantic this
isopycnal volume exhibits patches of both increasing and
decreasing salt content with no evidence of broad-scale
pattern of freshwater flux change.

The inferred values of the various area-averaged E—-P
trends for each oceanic basin and for both 1950-2010 and
1979-2010 periods are shown in Table 1. From the infer-
red E-P trends we then estimate the corresponding
amplification rates of the E-P field for each region (i.e.
with respect to the area-averaged E-P climatological
annual mean). Area-averaged E-P climatological means
are computed here using the hybrid re-analysis/observa-
tional OAFlux/GPCP dataset. Differences in estimated
area-averaged amplification rates, due to the choice of the
E-P dataset, are generally small (i.e. <10 %). The change
in the estimated area-averaged amplification rates due to
the choice of the isopycnal surfaces is also relatively small
and depends on the ratio of surface outcropping area to
total volume bounded by the isopycnal surfaces. Hence the
change in the amplification rate is lower than 5 %/
0.1 kg m " in the tropical regions, where this ratio is rel-
atively large, while it is around 10 %/0.1 kg m in the
subpolar regions, where this ratio is much smaller.

In the tropical Atlantic, weak and not statistically sig-
nificant trends (i.e. at the 95 % confidence interval) are
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obtained over both 1950-2010 and 1979-2010 periods,
associated with substantial inter-decadal variability of salt
content in the respective isopycnal volume. In the Atlantic
north/south hemisphere subtropical regions, the inferred E—
P change over 1950-2010 is about +0.59 (£0.32) cm/year
(p < 0.05) whilst it is much stronger over 1979-2010, at
1.61 (£0.75) cm/year (p < 0.05). The corresponding
amplification rate of the mean E-P field is about 1.3
(£0.7) % and 3.5 (£1.6) % over 1950-2010 and
1979-2010, respectively. In the Atlantic subpolar regions,
the inferred E-P change is relatively weak over 1950-2010
[—0.39 (£0.21) cm/year, p < 0.05] whilst it is several
times stronger over 1979-2010, at —1.81 (£0.53) cm/year
(p < 0.05). The corresponding amplification rates are about
1.1 (£0.6) % and 5.1 (£1.5) %, respectively.

In the Pacific Ocean tropical region (isopycnal volume
bounded by y = 23 outcrops) the inferred E-P trends are
again weak and not statistically significant over both
1950-2010 and 1979-2010, reflecting again the large intra-
decadal and inter-decadal spatiotemporal variability in the
tropics that skews long-term trends. In the subtropical
regions (isopycnal volume bounded by y =23 and
vy = 25.5 outcrops), a statistically significant positive trend
is only obtained for the 1979-2010 period, with the infer-
red E-P change [~40.45 (£0.31) cm/year] implying an
amplification rate of about 1.2 (£0.8) %. In the subpolar
regions (isopycnal volume bounded by y = 25.5 and
y = 274 outcrops), the inferred E-P change is about
—2.81 (£1.22) cm/year (p < 0.05) over 1950-2010 whilst
the freshening is again much stronger over 1979-2010, at
—591 (£2.16) cm/year (p < 0.05). The corresponding
amplification rates are about 6.4 (£2.8) % and 13.4
(£4.9) %, respectively.

In the Indian Ocean tropical region (isopycnal volume
bounded by y = 23 outcrops), similarly to the other two
basins, very weak and not statistically significant E-P
trends are obtained over both 1950-2010 and 1979-2010.
In the subtropical regions (isopycnal volume bounded by
y = 23. and y = 26.2 outcrops), the inferred E-P change is
about +0.77 (£0.36) cm/year (p < 0.05) over 1950-2010
and +0.59 (£0.35) cm/year (p < 0.05) over 1979-2010.
The corresponding amplification rates are about 1.3
(£0.6) % and 1 (£0.6) %, respectively. In the subpolar
regions (isopycnal volume bounded by 7y = 26.2 and
y = 274 outcrops), the inferred E-P change is about
—1.82 (£0.76) cm/year (p < 0.05) over 1950-2010 whilst
again the freshening is stronger over 1979-2010, at —2.83
(£1.43) cm/year (p < 0.05). The corresponding amplifi-
cation rates are about 3.9 (+1.6) % and 6.1 (£3.1) %,
respectively.

At global scale, the increase in net precipitation over
subpolar regions is 1.71 (£0.82) cm/year, whereas the
increase in net evaporation over the tropical and
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Table 1 E-P change (cm/year) inferred from the yearly volume-averaged salinity change in a volume bounded by specific neutral density surfaces for each oceanic basin using salt

conservation equation

Indian Ocean

Pacific Ocean

Atlantic Ocean

E-P change (cm/year)

y range

E-P change (cm/year)

y range

E-P change (cm/year)

y range

1979-2010

1950-2010

1979-2010

1950-2010

1979-2010

1950-2010

+0.20* £ 0.21

+0.17* £ 0.24
+0.77 £ 0.36

+0.29% £ 0.35 <23

—0.03* £ 0.15
+0.10* £ 0.22

<23

—0.08* £ 0.16

+0.29*% £ 0.25

<24

Tropics

+0.59 £ 0.35

23-26.2

+0.45 £ 0.31

23-25.5

+1.61 £ 0.75
—1.83 £ 0.53

+0.59 £ 0.32

24-26.5

Subtropics

—2.81+1.22 —591 + 2.16 26.2-27.4 —1.82 £ 0.76 —2.83 + 143

25.5-27.4

26.5-27.4 —0.39 + 0.21

Subpolar

Values of E-P total change are shown for both 1950-2010 and 1979-2010 periods. Error estimates are presented at the 95 % confidence interval

* Not statistically significant trends at the 95 % confidence interval

subtropical regions is 0.43 (£0.28) cm/year, over
1950-2010. In the context of these estimates based on
outcropping isopycnal surfaces, tropical/subtropical
regions cover an area approximately 3.5 times that of
subpolar regions, so these changes are approximately
equivalent in magnitude within error estimates—i.e. mass
is conserved.

The inferred E-P changes illustrate the contrasting
amplification patterns between Atlantic and Pacific sub-
tropical and subpolar regions. The Atlantic (Pacific) ocean
basin is characterised by strong water cycle amplification
with large positive (negative) E-P trends in the subtropical
(subpolar) regions and relatively weak amplification in the
subpolar (subtropical) regions. The basin-wide inferred E—
P change derived from the salinity change over the iso-
pycnal volume bounded by the y = 27.4 outcrops amounts
to about +0.25 (£0.22) cm/year for the Atlantic Ocean and
—0.70 (£0.29) cm/year for the Pacific Ocean, highlighting
the enhancement of salinity/E-P contrast between the two
basins. Our results demonstrate that the inferred E-P
amplification rates become much higher over 1979-2010 in
most of the considered regions. In the global tropical
region, inferred E-P trends are weak and not statistically
significant, probably reflecting the high spatiotemporal
variations associated with natural decadal modes of vari-
ability such as ENSO. Again, this underlines the difficulty
in separating out the secular changes associated with glo-
bal-scale warming from the internally generated variability
in atmospheric circulation.

At the global scale, inferred E-P changes over
1950-2010 imply a 1 % (£0.6 %) increase in net evapo-
ration over the subtropical regions and a 4.2 % (+2 %)
increase in net precipitation over the subpolar regions
(Table 2). The global E-P amplification over 1950-2010 is
estimated to be about 2.1 (£1.1) %. This is quite small
compared to the PA estimate of Durack et. al. (2012) over
1950-2000 (~4 %) that is based on the observed SSS and
the CMIP3 ensemble E-P/SSS relationship. This may be
explained by the large difference in the estimated surface
salinity PA among the two studies (i.e. 4.5 vs. 8.0 % for the
1950-2000 nominal period), which is probably attributed
to the objective analysis methodology applied in the
monthly EN3 dataset and the poor spatiotemporal sampling
over the early decades of the observational record, resulting
in underestimation of the long-term salinity trends. Inter-
estingly, the ratio between SSS PA (5.3 %) and inferred E—
P PA (2.1 %) obtained here over 1950-2010 (~2.5) is
close to that derived by the CMIP3 ensemble mean (~ 2).
Our inferred global E-P amplification rate is much lower
compared to the E-P PA derived by the re-analysis pro-
ducts above (NCEP/NCAR: 6.5 %, 20CRv2: 7 %). The
much larger E-P amplification rate estimates based on the
re-analysis products are not surprising since the re-analysis
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Table 2 Salinity-inferred regional and global ocean water flux
amplification rates for both 1950-2010 and 1979-2010 periods

Amplification rate (%)

1950-2010 1979-2010
Subtropics 1£06 21+ 1.1
Subpolar 42 +20 85+£32
Global 2.1 £ 1.1 (4.7 %/°C) 4.1 £ 2.4 (9.8 %/°C)

Error estimates are presented at the 95 % confidence interval. Global
ocean water flux amplification sensitivity to warming is also provided
in parentheses

models have been shown to produce too-intense water
cycling, overestimating both P and E (e.g. Trenberth et al.
2011).

Inferred E-P changes over 1979-2010 imply ~2
(£1.1) % increase in net evaporation over the subtropical
regions and 8.5 (£3.2) % increase in net precipitation over
the subpolar regions. The inferred global E-P amplification
rate is much higher over 1979-2010 reaching 4.1
(£2.4) %, which is comparable to the estimate of Hosoda
et al. (2009) (~3.7 % over 1974-2005), also inferred from
observed salinity changes. Our inferred E-P changes over
the subpolar regions are lower than those inferred by Helm
et al. (2010) over the 1970-2005 period. This is expected,
as our inferred estimate is closer to a pure local freshwater
flux change as opposed to that of Helm et al. (2010), where
the sub-surface salinity change pattern used to infer the E—
P change may be attributed to both local surface freshwater
flux changes and to changes associated to a predominantly
poleward shift of the isopycnal outcropping locations due
to warming. The discrepancy is much higher in the
Southern Ocean, where Helm et al. infer a very large
amplification rate, namely an increase in net precipitation
of 16 % over 1970-2005. Consistent with this, Durack and
Wijffels (2010) showed that the major contributor to the
sub-surface salinity decrease in the southern hemisphere
sub-tropics was the poleward migration of isopycnal out-
cropping surfaces in the Southern Ocean.

Inferred global E-P changes over 1950-2010 and
1979-2010 were also assessed alongside estimates of
coincident global sea surface temperature change
(Table 2), which is considered to be the natural thermo-
dynamic framework of water cycle amplification (Durack
et al. 2012). The Clausius—Clapeyron (CC) relationship
indicates a ~7 % increase in low-level atmospheric
moisture per degree of warming, assuming constant rela-
tive humidity. Following Held and Soden (2006), the E-P
pattern must also satisfy this CC scaling in the hypothesis
that the large-scale atmospheric circulation has been stable.
Based on the inferred global amplification rate of 2.1 %
and the SST change deduced from the HadSST3 dataset

@ Springer

over 1950-2010, we deduce a water flux amplification
sensitivity of about 4.7 % °C~' which is well below the
CC rate (~7 % °C™"). This is also much lower than that
estimated by Durack et al. (2012) over 1950-2000
(~8 % °C™"), which is again expected given the much
larger surface salinity PA obtained in the latter study.
However, our inferred global E-P amplification rate is
almost two times higher over 1979-2010 (4.1 %), which is
consistent with an intensification of the water cycle driven
by the accelerated broad-scale warming over this period.
On the other hand, Durack et al. (2012) also performed
their salinity trend analysis over 1975-2008 and found the
resulting trends to be only slightly larger than for the full
1950-2008 analysis, with similar though not identical
spatial patterns. The large increase in the inferred ampli-
fication rate obtained here could be a consequence of much
improved salinity sampling over the latter period, particu-
larly in the southern hemisphere, which, in turn, resulted in
a proper representation of salinity anomalies by the
objective analysis. Considering the 1979-2010 changes,
the deduced water flux amplification sensitivity is about
9.8 % °C~!, now above the CC rate. However, as shown in
the previous section, water cycle changes over this shorter
period are also partially driven by decadal scale natural
modes of variability such as ENSO and/or changes in the
atmospheric tropical circulation (Sohn et al. 2013;
L’Heureux et al. 2013).

4 Conclusions

The pattern of multi-decadal salinity change over
1950-2010 obtained here using the EN3 observational
dataset supports the results of previous studies (Boyer et al.
2005; Hosoda et al. 2009; Durack and Wijffels 2010; Helm
et al. 2010; Durack et al. 2012), revealing an amplification
of the mean surface salinity field with salinity increases
(decreases) found in most of the evaporation- (precipita-
tion-) dominated regions, consistent with an intensification
of the global water cycle. The average global amplification
of the surface salinity pattern amounts to 5.3 % over
1950-2010 and agrees well with the previous analyses of
Boyer et al. (2005) and Hosoda et al. (2009), however is
considerably less than the estimates of Durack and Wijffels
(2010) and Helm et al. (2010). The sub-surface salinity
change patterns provide further indications of an intensified
water cycle, including an accentuation of the upper layer
salinity contrast between Atlantic and Pacific oceans as
well as between the upper thermocline salinity maximum
and the lower thermocline salinity minimum.

Trends in reanalysis-derived E-P over the same 60-year
period 1950-2010 have been investigated using the only
two reanalysis products that cover this period: NCEP/
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NCAR and 20CRv2. The E-P trends are found to be less
spatially coherent than for surface salinity. Large differ-
ences in the E-P trend patterns between the two products
are evident in a number of regions, particularly the North
Atlantic. This is of particular concern, given the use of
NCEP NWP models for each product, and suggests low
confidence in the trends at 60-year timescales. Some
improvement in the reliability of the datasets might be
expected in the satellite era from 1979 onwards, and we
have considered a further four products in this period:
COREvV2, ERA-Interim, NCEP/DOE and OAFlux-GPCP.
However we also note that inhomogeneities between these
products are apparent prior to 1987 (Schanze et al. 2010),
which further compromise trend estimates. Our results
show that there is still a large spread between the different
E-P products as regards magnitude and sign of the trends.
Results demonstrate the strong limitations and large dis-
crepancies among the re-analysis products in representing
long-term variability and trends over the ocean, in agree-
ment with previous studies (Trenberth et al. 2005, 2011
Trenberth and Smith 2005; Schanze et al. 2010). However,
a robust pattern of increased E-P in the southern hemi-
sphere subtropical Pacific is seen in all of the products
considered.

Some evidence is found for a significant link between
surface salinity and E-P change patterns over 1979-2010,
based on the blended re-analysis/satellite-derived datasets
i.e. mainly OAFLUX-GPCP and to a lesser extend CO-
REv2. On the other hand, there is no immediately evident
relationship between SSS and E-P change in any of the re-
analysis datasets investigated for the two periods consid-
ered. The most enhanced and spatially coherent inter-
annual correlation patterns over 1979-2010 among all
products are obtained between GPCP precipitation and
surface salinity. ENSO multi-decadal variability has been
shown to exert a significant control on the spatial patterns
of E-P/SSS linear trends in the tropical Pacific Ocean over
1979-2010.

Re-analysis products also indicate an amplification of
the global E-P pattern. However, the correlation coeffi-
cients between the change in E-P and the mean E-P field
are in each case very low. Thus, we have been unable to
obtain clear evidence for an intensification of the global
ocean water cycle using this direct approach. In an alter-
native approach, we have inferred the amplification rate of
the water cycle over specific regions of the global ocean
from the observed 3-D salinity change field using a salt
conservation equation in variable isopycnal volumes,
allowing for isopycnal surface vertical/horizontal migra-
tions. At global scale, inferred E-P changes imply a
~1 % increase in net evaporation over the subtropical
regions and a ~4.2 % increase in net precipitation over
the subpolar regions over 1950-2010, while the

733
amplification rates are approximately doubled over
1979-2010, consistent with accelerated broad-scale

warming over this period. However, the large increase in
the amplification rate is partially explained by multi-dec-
adal variations in ENSO that impact more strongly over
the shorter time-period. On the other hand, this is also
coincident with much improved salinity sampling over the
latter period, particularly in the southern hemisphere,
which probably improves the performance of objective
analysis in producing trend estimates.

As a strong caveat, we stress the limits to which
objectively-analysed salinity fields can adequately repre-
sent the variability and trends in deep layers and in large
oceanic regions of the southern hemisphere, which were
very poorly sampled prior to the 1970s in particular.
Nevertheless, while large discrepancies are found between
E—P multi-decadal trend patterns in the various reanalysis/
observational global datasets (even over the well-sampled
satellite era), a more robust and spatially coherent structure
of multi-decadal change is obtained for the salinity field.
Importantly, our results are consistent with many other
recent studies of multi-decadal salinity change, using dif-
ferent methods and assumptions in their trend analysis, all
suggesting a global water cycle amplification induced by
broad-scale warming.

One of the key challenging issues regarding the chang-
ing water cycle is how to separate out natural low-fre-
quency modes of large-scale variability signals from the
long-term trends, and hence to properly attribute water
cycle/salinity changes to natural variability or anthropo-
genic forcing. The signal of ENSO in particular is
imprinted in both salinity and E-P change spatial patterns
over 1979-2010 and may skew possible anthropogenic
long-term climatic trends. The analysis of new high spa-
tiotemporal resolution satellite-derived observations of
salinity (e.g. SMOS, Aquarius) and precipitation (e.g.
TRMM) along with the continuous acquisition of 3-D
salinity data by the ARGO network (achieving an
unprecedented near-global ocean observation) will help us
to progressively enhance the present knowledge of
changing salinity and freshwater fluxes in the World Ocean
and to assess the key processes that shape these changes in
response to both natural modes of variability and anthro-
pogenic forcing. Moreover, new-generation higher-resolu-
tion climate model simulations such as those of the
Coupled Model Intercomparison Project phase 5 (CMIP5)
database can help us to properly assess the advective
pathways of salinity anomalies into the ocean interior and
to partition surface forcing of salinity trends between
changes in E-P and shifting ventilation sites, both attrib-
utable, to different degrees, to anthropogenic and natural
causes. Further assessment of the 3-D pattern of salinity
change, and of the key processes involved, is expected to
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result in more confident projections of the changing water
cycle on decadal and global to regional scales.
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