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iNTroduc TioN
No climate issue will have as much 
impact on society as changes in the 
global water cycle; water is fundamental 
to all life and key to modern civilization 
as we know it. Yet, when we assess what 
we actually know about the water cycle, 
we find great holes in our knowledge 
because a vast part of the water cycle 
occurs, unmonitored, over the global 
ocean. The water cycle is expected to be 
extremely sensitive to change in mean 
atmospheric temperatures, such that even 
modest warming is expected to intensify 
droughts and floods, and lead to stronger 
storms (Milly et al., 2002; Schmitt, 
2008). How will we come understand 
and anticipate such changes, when fully 
86% percent of atmospheric water vapor 
comes from the ocean and 78% of Earth’s 
rain falls on the ocean (Baumgartner 
and Reichel, 1975)? We have few rain 
gauges in the ocean and no long-term 
network of meteorological stations with 

century-long records to tell us about past 
climate variability. The water cycle is 
primarily an ocean-atmosphere phenom-
enon, and we must look to the ocean to 
begin to understand it.

In this article, we make the case that 
ocean salinities provide a key indicator 
of the water cycle. Salinities increase 
when water evaporates and decrease 
with precipitation and river input. New 
tools for measuring salinity, including 
satellites, are allowing oceanographers 
to advance our understanding of the 
water cycle over the ocean and providing 
fresh insights into how the ocean itself 
responds to the water cycle. 

The gLoBaL WaTer cycLe
Baumgartner and Reichel (1975) 
compiled estimates of evaporation (E), 
precipitation (P), and river flows (R) 
over land and ocean. Their “World 
Water Balance” had little on which to 
base its oceanic estimates aside from 

aBSTr acT. More than three-fourths of the global water cycle consists of the 
annual rainfall and evaporation freshwater exchange between the ocean and 
atmosphere. The water cycle is expected to intensify in a warmer climate, with shifting 
large-scale rainfall and drought patterns. Ocean salinity variations in recent decades 
provide a clear indicator of such changes and offer a key index for monitoring future 
climate variability related to the hydrologic cycle. In this sense, the ocean behaves like 
a rain gauge. This simple idea will also contribute to resolving the major discrepancies 
among rainfall climatologies. Addressing these problems requires a full understanding 
of complex upper ocean processes such as mixing and advection that balance the 
net freshwater flux at the surface. The global surface salinity measurement system, 
including both in situ instruments and satellites, along with regional upper ocean 
process studies, will soon be in place to advance these studies.
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rain records from a few island stations 
and early bulk formulae estimates of 
evaporation. Nevertheless, their general 
schema has proven surprisingly consis-
tent with more modern estimates. Their 
oceanic estimate lacked details such as 
E and P features associated with western 
boundary currents, but the sums proved 
not far from later works (Schmitt et al., 
1989). They also incorrectly described 
the redistribution of water by the ocean, 
but Wijffels et al. (1992) provided an 
oceanographically consistent picture. 
Dai and Trenberth (2002) introduced 
more detail on riverine inputs and 
used reanalysis products to examine 
global E-P. Most recently, Schanze et al. 
(in press) developed a water budget 
estimate that is based on oceanic obser-
vations and detailed river data. They 
combine evaporation estimates from 
the “Objectively Analyzed” ocean-
atmosphere flux product (OAFlux) of Yu 
and Weller (2006) with satellite estimates 
of rainfall and the latest river data to 
generate new maps of the water cycle 
over the global ocean. 

Figure 1a shows the mean evaporation 
over the global ocean for 2005–2008. 
Strong evaporation patterns over western 
boundary currents and the subtropical 
gyres are evident. Precipitation 
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Figure 1. global annual average evaporation E (a), precipitation P (b), and E-P (c) maps 
for 2005–2008. all subtropical ocean gyres and subtropical marginal seas are dominated 
by excess E, while the regions of the intertropical convergence zone (iTcz) and the 
indonesian Throughflow as well as most temperate and subpolar latitudes are dominated 
by excess P. The maximum evaporative imbalance of 2.22 m yr-1 occurs in the red Sea, 
while the net precipitation excess of 2.59 m yr-1 occurs near the colombian pacific coast 
in the iTcz. From Schanze et al. (in press), except for years 2005–2008
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natural integrators of the differences 
between large and uncertain evaporation 
and precipitation estimates.

SaLiNiT y aS oceaN 
iNdicaTor oF WaTer cycLe
As noted earlier, a key climate question 
for society is whether the water cycle 
is presently changing. The exponential 
dependence of the vapor pressure of 
water on temperature suggests that a 
1°C increase in mean surface tempera-
ture could result in a 7% increase in 
the vapor-carrying capacity of the 
atmosphere (Schmitt, 2008). There 
may be compensating effects in the 
atmosphere to mitigate such a strong 
response (Schneider et al., 2010) but 
the size of any response is of intense 
interest. To date, the evidence on land 
has been mixed—most variables such 

as river flows, evaporation, or precipita-
tion estimates show little trend (Dai 
et al., 2009). In contrast, oceanographic 
data on salinity provide a very distinct 
message on water cycle trends. A variety 
of studies dating back many years has 
documented variability and trends in 
surface salinity (Brewer et al., 1983; 
Freeland et al., 1997; Curry et al., 2003; 
Boyer et al., 2005; Gordon and Giulivi, 
2008), with the overall result coming 
down firmly in support of a strength-
ening of the water cycle. Durack and 
Wijffels (2010) provide the most recent 
and complete summary of this intensi-
fication. They quantify 50-year trends 
in global surface salinity, and show 
salinification of the subtropical gyres, 
freshening of tropical and high-latitude 
rainfall regions, and growing contrast 
between an increasingly salty Atlantic 

patterns (Figure 1b) show highs in 
the Intertropical Convergence Zone, 
the South Pacific Convergence Zone, 
and the western boundary currents. 
The net result for E-P (Figure 1c) is 
a pattern of evaporative dominance 
under the subtropical highs, relatively 
small net flux in the western boundary 
currents, and precipitative dominance 
in the tropical convergence zones and 
at high latitudes. 

Evaporation from the global ocean is 
estimated to be ~ 13 Sv (1 Sverdrup = 
106 m3 s-1), and the precipitation sums 
to ~ 12.2 Sv. The difference of 0.8 Sv 
compares with the estimate of river 
input of 1.2 Sv. The apparent imbalance 
of ~ 0.4 Sv excess is smaller than the 
estimated error bars. Sea level rise due 
to melting glaciers is only ~ 0.01 Sv, 
so cannot account for the imbalance. 
Global groundwater flows are poorly 
known but generally estimated to be 
similarly small (Cable et al., 1996). Likely 
sources of error include scant data in the 
southern oceans and a possible underes-
timate of evaporation in very-high-wind 
conditions. Other surface flux climatolo-
gies display similar patterns, but the 
range of the estimates is quite large and 
unlikely to be significantly improved in 
the near future.

A key issue is that all this water 
transport out of and back into the ocean 
causes changes in sea surface salinity. 
This fact has been recognized since Wüst 
(1936) and is illustrated with Figure 2, 
a plot of global mean annual ocean 
surface salinity, where the correspon-
dence between surface salinity and E-P is 
easily recognized. This correspondence 
suggests that trends in ocean salinity 
could be the very best indicators of a 
changing global water cycle, as they are 

Figure 2. global surface salinity from the World ocean atlas. There are significant salinity maxima 
associated with each subtropical high, maintained by evaporation under the trades and ekman 
convergence. regional lows are found under the intertropical convergence zone and near large 
river outflows such as the amazon. The atlantic is notably saltier, probably due to the transport of 
water vapor to the pacific across central america (Weyl, 1968).
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and an increasingly fresh Pacific. This 
salinity contrast is the prime reason 
that the Atlantic supports a meridional 
overturning circulation (MOC) and the 
Pacific does not. Or, more succinctly, 
the lower surface salinity of the North 
Pacific, due to high precipitation rates, 
inhibits deep convection in the Pacific 

(Warren, 1983; Emile-Geay et al., 
2003). But, the observed increasing salt 
contrasts serve as the best indication 
yet of an intensifying water cycle. We 
argue that this is to be expected, because 
the water cycle is predominantly an 
ocean-atmosphere phenomenon, and the 
terrestrial portion is small by compar-
ison (Schmitt, 1995).

It is important to recognize that these 
decadal ocean salinity trends are statisti-
cally significant, yet can result from very 
small long-term changes in E-P. For 
example, the surface mixed layer salinity 
trend in the subtropical North Atlantic 
during the late twentieth century was 
equivalent to a few centimeters per 
year net E-P imbalance if it was due 
solely to surface forcing (Curry et al., 
2003; Gordon and Giulivi, 2008). This 
imbalance remains one to two orders of 
magnitude smaller than the uncertainties 
among E-P climatologies (see below). 

At this time, it is not possible to identify 
such small trends in atmospheric data 
sets due to their large uncertainties, 
leaving ocean salinity as a key indicator 
for trends in the global water cycle. 
However, another complication is that 
the well-known North Atlantic fresh-
ening trend of the 1960s–1990s (Dickson 

et al., 2002) has reversed in recent 
years (Holliday et al., 2008). Hakkinen 
and Rhines (2009) suggest that recent 
temperature and salinity increases in the 
Atlantic inflow from the eastern subpolar 
gyre to the Fram Strait are likely attrib-
uted to changes in ocean circulation, as 
measured by surface drifters and satel-
lite altimetry. If such increasing salinity 
trends continue in the North Atlantic, 
then hypothetically it is less likely that 
the MOC will slow or shut down, as has 
often been suggested (Broecker, 1987; 
Alley et al., 2003; Haupt and Seidov, 
2007). One job ahead of us is also to 
understand the role circulation plays 
in observed long-term salinity trends. 
In any case, changes in ocean salinity 
do represent fundamental changes in 
the global water cycle, whether they are 
in the atmospheric limb through E-P 
changes, or the oceanic limb through 
changes in advection, or both.

uNcerTaiNTieS oF The 
mariNe FreShWaTer BudgeT: 
hoW WeLL do We KNoW The 
gLoBaL WaTer cycLe oVer 
The oceaN?
To fully understand what causes the 
long-term trends we see in ocean salinity, 
we must first understand the uncertain-
ties in the marine freshwater budget. As 
a whole, the global average freshwater 
flux for the ocean (E-P-R) is in approxi-
mate balance to within the measure-
ment uncertainties using one pair of 
satellite-derived precipitation (Global 
Precipitation Climatology Project 
[GPCP]) and evaporation (OAFlux) 
data sets along with a new river input 
(R) estimate (Schanze et al., in press). 
However, the global budget appears far 
from closed when E and P from some 
contemporary reanalysis fields (such as 
ERA-40) are analyzed in the same way 
(Table 1 in Schanze et al., in press). This 
lack of closure lends credibility to the 
satellite-derived fields, but the differ-
ences between these and the model 
fields, as well as among other satellite 
fields (Large and Yeager, 2009), remain 
an obstacle to closing the global marine 
freshwater budget with confidence.

Qualitatively, the spatial pattern 
of the net E-P mean climatology 
(e.g., Figure 1c) is very familiar: 
wet tropics, dry subtropics, and 
wet temperate to subpolar regions. 
What differs among the various 
analyses are the details and magnitudes. 
Oceanographically, the other side of the 
closure problem is to understand how 
ocean circulation and mixing compen-
sate for these regional E-P imbalances. 
The meridional freshwater transport 
by oceanic circulation is traditionally 
estimated indirectly by integrating 

 “WheN We aSSeSS WhaT We acTuaLLy 
KNoW aBouT The WaTer cycLe, We FiNd greaT 
hoLeS iN our KNoWLedge BecauSe a VaST parT 
oF The WaTer cycLe occurS, uNmoNiTored, 
oVer The gLoBaL oceaN.” 
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the net surface flux within each basin 
(e.g., Wijffels, 2001; Large and Yeager, 
2009; Schanze et al., in press) and 
comparing that indirect estimate with 
direct ocean transport estimates along 
zonal hydrographic sections. These 
indirect calculations differ substan-
tially, depending on the mix of E and P 
climatologies that are used, and thus are 
subject to unknown errors in the surface 
fluxes (Wijffels, 2001). Large and Yeager 
(2009) carefully assessed the variations 
among several rainfall climatologies 
and developed a blended climatology, 
retaining what they considered the most 
reliable satellite-derived fields by region 
and latitude range (Figure 3a). Their 
derived global meridional freshwater 
transports for the global ocean, Atlantic 
Ocean, and Indo-Pacific basins are 
shown in Figure 3b. The shaded area 
shows that the uncertainty range due to 
the spread among the various precipita-
tion fields is a significant fraction of the 
transport estimate. Comparisons with 
hydrographic sections were within the 
error bars of four hydrographic sections 
in the Northern Hemisphere, but were 
the opposite sign in two South Atlantic 
transects (Figure 3b). Therefore, some 
significant gaps remain between what we 
can infer about ocean freshwater trans-
port from atmospheric E-P climatologies 
versus what we can infer from oceano-
graphic measurements.

Ocean state estimation (Lee et al., 
2009) presents another approach to 
the freshwater closure problem that 
depicts the mismatch in two dimensions. 
Stammer et al. (2004) showed a map of 
the implied mean net freshwater flux 
(E-P) computed as part of the Estimating 
the Circulation and Climate of the Ocean 
(ECCO) ocean model optimization over 

the period 1992 through 2001, and the 
difference between this and the NCEP 
climatology. The computed flux was 
the “best” estimate to be in equilibrium 
with the ocean as it is represented by 
the ECCO ocean state estimation. The 
differences with NCEP revealed exten-
sive regions in excess of 0.5 m yr-1 in the 
tropics, subtropics, and Southern Ocean, 
and smaller regions exceeding 1 m yr-1. 
The regional differences are comparable 
in magnitude to the mean flux over 
much of the ocean area. These patterns 
depict where the ocean according to 
ECCO is not in equilibrium with the 
atmosphere according to NCEP, and 
further illustrates the present-day gap in 
resolving the true flux climatology from 

both sides of the air-sea interface. 
From these studies we see that signifi-

cant problems with balancing the marine 
freshwater budget still exist, given the 
uncertainties in the net E-P climatology 
over the ocean. These problems compli-
cate our ability to trace the causes of 
the long-term salinity trends described 
above. Nevertheless, these salinity trends 
do serve as a robust indicator of climatic 
changes in the hydrologic cycle, and 
these changes imply that the ocean acts 
as an effective long-term rain gauge. The 
rain-gauge concept can also be used to 
reduce the uncertainties in climatologic 
surface fluxes. This problem presents an 
important challenge for oceanography. 
It requires developing a much better 

a

b

Figure 3. (a) zonal averaged 
precipitation climatolo-
gies from various sources 
showing the range of differ-
ences. units: 100 mg/m2/s 
= 3.1 m yr-1. (b) illustration 
of the present uncertainty 
in estimating the net 
poleward freshwater ocean 
transport in Sv. indirect 
estimates from net E-P 
shown for the atlantic 
(red), indo-pacific (blue), 
and global (black) for the 
period 1984–2006, with the 
shaded area showing the 
range from the various E-P 
data sets. Triangle, square, 
and diamond symbols 
colored as above for ocean 
basins are hydrographic 
transect estimates from 
Wijffels (2001), with error 
bars for the global transects 
shown. Shading indicates 
the range by individual 
years. Reprinted with 
permission from Springer 
Science+Business Media, 
Large and Yeager (2009) 
Figures 5 and 10, © 2008 
Springer-Verlag
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understanding of the near-surface 
physical processes that balance the net 
E-P freshwater flux, and with a residual 
uncertainty that is significantly smaller 
than that of E-P.

a TriaL BaL aNce oF  
SurFace FLuxeS:  The Near-
SurFace FreShWaTer (or 
SaLiNiT y) BudgeT 
The key ocean surface processes that 
must be addressed include the local time 
derivative of salinity, horizontal advec-
tion, and vertical and horizontal small-
scale mixing processes. The conventional 
approach to analyzing the balance with 
atmospheric fluxes is to consider a 
homogeneous surface mixed layer. Here, 
we use a simplified salt budget equation 
for the surface mixed layer to illustrate 
some basic concepts:

 (1)

 
+ mixing processesS(E-P)

H

∂S + U • 
Δ

S = 
∂t

.

S is the mixed layer salinity, U is the 
vertical average mixed layer horizontal 
velocity vector, 

ΔS is the horizontal 
salinity gradient, their dot product is the 
horizontal salt divergence (or equiva-
lently freshwater convergence) in the 
mixed layer, and H is the mixed-layer 
depth. The aim is to close this budget 
through observation, modeling, and 
analysis, but we are far from achieving 
that result, given the magnitude of 
uncertainties in the terms in Equation 1. 
The ∂S/∂t term (time derivative or trend) 
is very small on climatic time scales, 
as noted above, and thus is the small 
residual difference between the other 
much-larger terms. It is instructive, 
therefore, to compare these larger terms 
in order to understand their patterns 

and relative magnitudes. We focus here 
on comparing the middle two terms in 
(1) as a trial balance. This initial step 
indicates the relative importance of the 
surface circulation to balancing E-P. 
The differences between these two terms 
will contain unknown relative biases 
and, more importantly, will identify the 
regions where we can anticipate that the 
ill-defined mixing processes are signifi-
cant to maintaining the balance. Mixing 
processes encompass vertical mixing, 
subduction, double diffusion, eddies, and 
other mechanisms that mix and diffuse 
salt and freshwater horizontally within 
the mixed layer and vertically across the 
base of the mixed layer. 

This analysis covers years 2005–2008 
when the requisite simultaneous global 
satellite and extensive new in situ salinity 
data are available from Argo. The Argo 
array (Roemmich et al., 2009) provided 
more than 9000 globally distributed in 
situ temperature-salinity profiles per 
month, from which global objective anal-
ysis 1 x 1 degree monthly profiles were 
obtained from the Scripps Institution of 
Oceanography Web site (ftp://kakapo.
ucsd.edu/pub/argo/Global_Marine_
Argo_Atlas/RG_ArgoClim_Full.nc). 
From these profiles, we extracted the 
surface salinity S and computed the 

mixed-layer depth H as the depth where 
density exceeds the surface value by 
0.125 kg m-3. For the surface velocity 
fields, U, we used the satellite-based 
Ocean Surface Current Analyses-Real 
time (OSCAR) data derived from sea 
surface height and vector wind data with 
linear geostrophic and Ekman dynamics 
(Dohan and Maximenko, 2010). P and 
E fields are, respectively, from the 
GPCP and OAFlux data sets described 
above. For comparison, we also evalu-
ated a separate satellite-based Passive 
Microwave Water Cycle (PMWC) data 
set (years 2005–2006 only) produced for 
the NASA Energy and Water Cycle Study 
(NEWS) described by Hilburn (2009). 
PMWC includes precipitation and evap-
oration fields computed from a unified 
set of intercalibrated satellite microwave 
data and algorithms.

Figure 4a depicts the zonal averaged 
E-P using the four E-P combinations in 
the GPCP (P only), OAFlux (E only), and 
PMWC (P and E) data sets. The spread 
among these data offers another example 
of the E-P uncertainty range. The notice-
able differences in higher latitudes are 
primarily the biases between GPCP and 
PMWC precipitation estimates. Figure 4b 
is the calculation S(E-P)/H to illustrate 
the corresponding term in Equation 1. 

 “NeW TooLS For meaSuriNg SaLiNiTy, 
iNcLudiNg SaTeLLiTeS, are aLLoWiNg 
oceaNographerS To adVaNce our 

uNderSTaNdiNg oF The WaTer cycLe oVer 
The oceaN aNd proVidiNg FreSh iNSighTS 

iNTo hoW The oceaN iTSeLF reSpoNdS 
To The WaTer cycLe.” 
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The same basic meridional structure 
remains, whereas the amplitudes are 
scaled anew mainly by the variation in 
estimated H, which reduces somewhat 
the spread in higher latitudes. Although 
the spread among the E-P estimates 
appears to be much less than the scale 
of the meridional variations, the zonal 
averages obscure most of the detail. The 
difference map of S(E-P)/H from PMWC 
minus S(E-P)/H from the OAFlux-GPCP 
combination (Figure 4c) reveals consider-
able spatial structure to the bias between 
the respective flux fields, particularly in 

the eastern tropical Pacific and tropical 
Atlantic. Such major differences among 
these very similar data sets further 
emphasize the scale of uncertainty 
and the difficulty of closing the fresh-
water budget over the ocean on these 
regional scales. The remaining terms in 
Equation 1, which are all oceanographic, 
must be resolved to much better accuracy 
to identify the errors among the various 
atmospheric E-P analyses.

The next step is to calculate the 
contribution that the surface circula-
tion makes, via the second term in 

Equation 1, to the oceanic transport of 
freshwater and salt that compensates the 
regional E-P distribution in the atmo-
sphere. For this comparison, Figure 5 
(top) shows the four-year average 
(2005–2008) S(E-P)/H map and the 
zonal average for each year using GPCP 
(P) and OAFlux (E). The interannual 
variability, especially in the tropics, is 
comparable to the variations among the 
different E-P analyses in the previous 
figure. The surface horizontal divergence 
term U • 

Δ

S  (Figure 5, middle) bears 
many large-scale similarities to the 

Figure 4. (a) zonally averaged E-P, 2005–2006 mean, for the four E-P combinations in the global precipitation climatology project (gpcp), 
“objectively analyzed” ocean-atmosphere flux product (oaFlux), and passive microwave Water cycle (pmWc) data sets. units: m yr-1.  
(b) Same as (a) except S(E-P)/H to convert the flux to the equivalent salinity tendency in equation 1. units: psu yr-1. (c) difference map of 
S(E-P)/H from pmWc minus S(E-P)/H from the oaFlux-gpcp combination. units: psu yr-1.

a b

c
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net E-P map in the tropics, and zonal 
averages of the two terms have similar 
magnitude. Generally, the evaporation-
dominated regions are partially compen-
sated by salinity divergence (or equiva-
lently freshwater convergence), while 
the narrow tropical rain-dominated 
band is largely compensated by salinity 
convergence (freshwater divergence). 
In the higher latitude zones, however, 
the picture appears quite different; the 
surface layer salinity divergence remains 
> 0 at all latitudes (zonal average) outside 
of the tropics, and does not appear to 
compensate for the net precipitation. 

The difference calculation, 

 

S(E-P)
H

– U • 

Δ

S 

(Figure 5, bottom) accounts for 
unknown bias errors in these two terms 
(the likely scale of the S(E-P)/H bias 
is shown in Figure 4c), the four-year 
salinity trend (relatively small and 
not shown), and the unknown mixing 
process. We interpret much of the 
difference pattern to represent mixing 
processes, and note particularly that 
the magnitude is about the same as the 
other two terms. This term is strongly 
negative poleward of 30° latitude in both 
hemispheres. In these regions, evidently, 
mixing processes must significantly offset 

both excess precipitation and horizontal 
salinity divergence. The zonal average 

S(E-P)
H

– U • 

Δ

S 

differences in the tropics result because 
the two terms are slightly offset in lati-
tude, and where vertical processes must 
also play a role as part of the complex 
tropical circulation and overturning cells.

The discussion in this section 
indicates that both horizontal surface 
advection and mixing processes (as 
represented in Figure 5, bottom) are of 
nearly equal importance to balancing the 
net freshwater flux at the surface. The 
relative importance varies significantly 

Figure 5. (top) atmospheric forcing term S(E-P)/H in equation 1 averaged for 2005–2008 using global precipitation climatology project 
(gpcp) (P) and “objectively analyzed” ocean-atmosphere flux product (oaFlux) (E) data sets. (middle) horizontal salinity advection term in 
equation 1 for the same years. (bottom) The difference field. Left-hand column shows zonal averages of the respective maps by individual year.
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from one ocean region to another. These 
global maps therefore indicate where 
these terms dominate respectively, and 
will require the most research focus to 
understand and reduce their uncertain-
ties when applied to the budget analysis 
in Equation 1. 

FuTure direc TioNS
Several recent and near-future devel-
opments will significantly advance 
progress in understanding the water 
cycle. First and foremost are advances 
to the salinity observing system that 
contribute directly to measuring the 
first two terms in Equation 1 (Lagerloef 
et al., 2010). In particular, the Argo 
array, which has been fully operational 
since 2005, provides unprecedented 
broad synoptic sampling that is mapped 
into smooth salinity fields used in the 
preliminary calculations described 
above. Furthermore, the vertical profiles 
from Argo allow synoptic analysis of the 
mixed-layer depth H as well as data to 
validate mixed layer models that will be 
necessary to resolve the mixing processes 
in Equation 1.

Satellite measurements of sea surface 
salinity (SSS) will soon provide signifi-
cantly higher sampling resolution glob-
ally with the potential to transform our 
understanding of spatial and temporal 
SSS variability. The European Space 
Agency’s Soil Moisture and Ocean 
Salinity (SMOS) mission, launched in 
November 2009, is presently under-
going calibration and validation, while 
NASA’s Aquarius/SAC-D mission will 
be launched in 2011 (Lagerloef et al., 
2008; Lagerloef and Font, 2010). These 
new space-borne SSS measurements will 
significantly improve the estimates of the 
first two terms in Equation 1 and thus the 

understanding of the marine freshwater 
cycle and the air-sea budget. Indeed, the 
overarching scientific goal for measuring 
salinity from space is to understand the 
links among ocean circulation, the global 
water cycle, and climate. 

Although the first three terms in 
Equation 1 will be readily computed 
from various satellite and in situ obser-
vations, mixing processes will require 
modeling such things as entrainment 
due to convection and shear-driven 
turbulence, extinction of turbulence 
by buoyant surface layers formed by 
rainfall and heating, double-diffusion 
arising from excess surface evaporation, 
lateral processes due to inertial waves, 
and eddies that mix and transport salt 

in the surface layer. Vertical mixing and 
convection processes are clearly factors, 
given that long-term salinity trends 
penetrate to intermediate depths (Boyer, 
2005; Durack and Wijffels, 2010). Global 
and synoptic quantification of the rates 
and mechanisms that govern vertical 
transport between the surface and inte-
rior will be important and challenging 
research topics. Satellite-based SSS and 
in situ observations will provide essential 
data to constrain such models and how 
they are implemented. 

One set of oceanic regimes that 
has become a focus for studying 
these processes is the surface salinity 

maximum (S-max) regions of the 
subtropical gyres. These areas tend to be 
characterized by low precipitation, an 
excess of evaporation, and a convergent 
surface Ekman flow due to the location 
in the central subtropical gyre. Eddy 
energy is a relative minimum, and, at 
the S-max, horizontal gradients are nil 
by definition. Thus, such areas come 
closest in approach to a one-dimensional 
(vertical) balance between surface fluxes 
and subsurface mixing. Of course, the 
mean subduction of surface waters and 
the seasonal cycle must be accounted 
for, but such regions promise to be 
the simplest sites to attempt salinity 
budgeting on a regional scale.

A start on studying the salinity budget 

will be undertaken in 2012 in a North 
Atlantic field program called Salinity 
Processes in the Upper-ocean Regional 
Study (SPURS). Some of the questions to 
be addressed in SPURS are:
1. What are the physical processes 

responsible for the location, magni-
tude, and maintenance of the 
subtropical Atlantic sea surface and 
subsurface salinity maximum? 
How is S-max formed and dissipated? 
a. Given the seasonal cycle in 

(E-P)/H, why there is no seasonal 
cycle in SSS?

b. What is the propagation pathway 
for salt? 

 “SeVeraL receNT aNd Near-FuTure 
deVeLopmeNTS WiLL SigNiFicaNTLy adVaNce 

progreSS iN uNderSTaNdiNg The WaTer cycLe.” 
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c. How does the Atlantic subtropical 
S-max compare with the other 
(four) S-maxes of the Pacific 
and Indian oceans and of the 
South Atlantic?

2. How will the ocean respond to 
changes in thermal and fresh-
water forcing associated with a 
changing climate? 

3. How will the shallow meridional over-
turning circulation be altered?

4. What is the nature of the cascade 
of salinity variance from the largest 
(climate) scales down to dissipation 
scales of a few millimeters?

5. What new information must 
be supplied to ocean models in 
order for these questions to be 
adequately examined?

These questions will be addressed by a 
combination of Eulerian and Lagrangian 
measurements from ships, autono-
mous platforms, and satellites, and by 
modeling. It is envisioned that a future 
SPURS will address the challenges of 
a high-precipitation regime, where 
advection and eddy processes tend to 
be stronger, and vertical mixing has a 
different character due to freshwater 
buoyancy forcing. 

Closing the freshwater budget over 
the ocean will make several valuable 
contributions to climate research: 
(1) diagnosing the changes in the global 
water cycle that account for the observed 
long-term salinity trends, (2) applying 
the ocean as an effective rain gauge to 
reduce the uncertainty of atmospheric 
E-P analyses, (3) constraining evapora-
tion, which in turn constrains the equiv-
alent latent heating in the global energy 
budget, and (4) gaining insights that will 
eventually be applied to improving the 

way these terms are represented in state-
of-the-art coupled climate models, and 
improving the models’ fidelity in repre-
senting the global water cycle and ocean 
state in future climate predictions. 

reFereNceS 
Alley, R.B., J. Marotzke, W.D. Nordhaus, 

J.T. Overpeck, D.M. Peteet, R.A. Pielke Jr., 
R.T. Pierrehumbert, P.B. Rhines, T.F. Stocker, 
L.D. Talley, and J.M. Wallace. 2003. Abrupt 
climate change. Science 299(5615):2,005–2,010, 
doi:10.1126/science.1081056.

Baumgartner, A., and E. Reichel. 1975. The World 
Water Balance. Elsevier, New York, 179 pp.

Boyer, T.P., S. Levitus, J.I. Antonov, R.A. Locarnini, 
and H.E. Garcia. 2005. Linear trends in 
salinity for the world ocean, 1955–1998. 
Geophysical Research Letters 32, L01604, 
doi:10.1029/2004GL021791.

Brewer, P., W.S. Broecker, W.J. Jenkins, P.B. Rhines, 
C.G. Rooth, J.H. Swift, T. Takahashi, and 
R.T. Williams. 1983. A climatic freshening of 
the deep Atlantic north of 50°N over the past 
20 years. Science 222(4629):1,237–1,239.

Broecker, W.S. 1987. Commentary: 
Unpleasant surprises in the greenhouse? 
Nature 372:123–126.

Cable, J.E., G.C. Bugna, W.C. Burnett, and 
J.P. Chanton. 1996. Application of 222Rn 
and CH4 for assessment of groundwater 
discharge to the coastal ocean. Limnology and 
Oceanography 41(6):1,347–1,353. 

Curry, R., R.R. Dickson, and I. Yashayaev. 
2003. A change in the freshwater balance 
of the Atlantic over the past four decades. 
Nature 426(6968):826–829.

Dai, A., and K.E. Trenberth. 2002. Estimates 
of freshwater discharge from continents: 
Latitudinal and seasonal variations. Journal of 
Hydrometeorology 3:660–687.

Dai, A., T. Qian, K.E. Trenberth, and J.D. Milliman. 
2009. Changes in continental freshwater 
discharge from 1948 to 2004. Journal of 
Climate 22:2,773–2,792.

Dickson, R.R., I. Yashayaev, J. Meincke, W. Turrell, 
S. Dye, and J. Holfor. 2002. Rapid freshening 
of the deep North Atlantic over the past four 
decades. Nature 416:832–837.

Dohan, K., and N. Maximenko. 2010. Monitoring 
ocean currents with satellite sensors. 
Oceanography 23(4):94–103. 

Durack, P.J., and S.E. Wijffels. 2010. Fifty 
year trends in global ocean salinities and 
their relationship to broad-scale warming. 
Journal of Climate 23:4,342–4,362, 
doi:10.1175/2010JCLI3377.1.

Emile-Geay, J., M. Cane, N. Naik, R. Seager, 
A. Clement, and A. van Geen. 2003. Warren 
revisited: Atmospheric freshwater fluxes and 

“Why is no deep water formed in the North 
Pacific.” Journal of Geophysical Research 108, 
C6, doi:10.1029/2001JC001058.

Freeland, H., K. Denman, C.S. Wong, 
F. Whitney, and R. Jacques. 1997. Evidence 
of change in the winter mixed layer in the 
Northeast Pacific Ocean. Deep-Sea Research 
Part I 44(12):2,117–2,129.

Gordon, A., and C.F. Giulivi. 2008. Sea surface 
salinity trends over 50 years within the subtrop-
ical North Atlantic. Oceanography 21(1):20–29. 
Available online at: http://www.tos.org/
oceanography/issues/issue_archive/21_1.html 
(accessed September 23, 2010).

Hakkinen, S., and P.B. Rhines. 2009. Shifting 
surface currents in the northern North Atlantic 
Ocean. Journal of Geophysical Research 114, 
C04005, doi:10.1029/2008JC004883.

Haupt, B.J., and D. Seidov. 2007. Strengths 
and weaknesses of the global ocean 
conveyor: Inter-basin freshwater dispari-
ties as the major control. Progress In 
Oceanography 73(3–4):358–369. 

Hilburn, K. 2009. The Passive Microwave Water 
Cycle Product. Remote Sensing Systems 
(REMSS) Technical Report 072409, 30 pp. 
Available online at: ftp://ftp.remss.com/water_
cycle (accessed September 14, 2010).

Holliday, N.P., S.L. Hughes, S. Bacon, 
A. Beszczynska-Möller, B. Hansen, A. Lavin, 
H. Loeng, K.A. Mork, S. Østerhus, T. Sherwin, 
and W. Walczowski. 2008. Reversal of the 
1960s to 1990s freshening trend in the 
northeast North Atlantic and Nordic Seas. 
Geophysical Research Letters 35, L03614, 
doi:10.1029/2007GL032675.

Lagerloef, G., and J. Font. 2010. SMOS and 
Aquarius/SAC-D missions: The Era of 
Spaceborne salinity measurements is about to 
begin. Chapter 3 in Oceanography from Space. 
V. Barale, J.F.R. Gower, and L. Alberotanza, eds, 
Springer, doi:10.1007/978-90-481-8681-5.

Lagerloef, G., J. Boutin, J. Carton, Y. Chao, 
T. Delcroix, J. Font, J. Lilly, N. Reul, R. Schmitt, 
and S. Riser. 2010. Resolving the global surface 
salinity field and variations by blending satel-
lite and in situ observations. In Proceedings of 
OceanObs’09: Sustained Ocean Observations and 
Information for Society (Vol. 2). Venice, Italy, 
September 21–25, 2009, J. Hall, D.E. Harrison, 
and D. Stammer, eds, ESA Publication 
WPP-306.

Lagerloef, G., F. Colomb, D. LeVine, F. Wentz, 
S. Yueh, C. Ruf, J. Lilly, J. Gunn, Y. Chao, 
A. deCharon, and others. 2008. The 
Aquarius/SAC-D mission: Designed to 
meet the salinity remote-sensing chal-
lenge. Oceanography 21(1):68–81. Available 
online at: http://www.tos.org/oceanography/
issues/issue_archive/21_1.html (accessed 
September 23, 2010).



Oceanography  |  december 2010 93

Large, W., and S. Yeager. 2009. The global clima-
tology of an interannually varying air–sea 
flux data set. Climate Dynamics 33:341–364, 
doi:10.1007/s00382-008-0441-3.

Lee, T., T. Awaji, M. Balmaseda, E. Greiner, and 
D. Stammer. 2009. Ocean state estimation in 
climate research. Oceanography 22(3):160–167. 
Available online at: http://www.tos.org/
oceanography/issues/issue_archive/22_3.html 
(accessed September 23, 2010).

Milly, P.C.D., R.T. Wetherald, K.A. Dunne, and 
T.L. Delworth. 2002. Increasing risk of great 
floods in a changing climate. Nature 415:514–
517, doi:10.1038/415514a.

Roemmich, D., and the Argo Steering Team. 2009. 
Argo: The challenge of continuing 10 years of 
progress. Oceanography 22(3):46–55. Available 
online at: http://www.tos.org/oceanography/
issues/issue_archive/22_3.html (accessed 
September 23, 2010). 

Schanze, J., R. Schmitt, and L. Yu. In press. The 
global oceanic freshwater cycle: A state-of-the-
art quantification. Journal of Marine Research.

Schmitt, R.W. 1995. The ocean component of 
the global water cycle. Pp. 1,395–1,409 in 
US National Report to International Union 
of Geodesy and Geophysics, 1991–1994, 
Supplement to Reviews of Geophysics.

Schmitt, R.W. 2008. Salinity and the global water 
cycle. Oceanography 21(1):12–19. Available 
online at: http://www.tos.org/oceanography/
issues/issue_archive/21_1.html (accessed 
September 23, 2010).

Schmitt, R.W., P.S. Bogden, and C.E. Dorman. 
1989. Evaporation minus precipitation and 
density fluxes for the North Atlantic. Journal of 
Physical Oceanography 9(9):1,208–1,221.

Schneider, T., P.A. O’Gorman, and X. Levine. 
2010. Water vapor and the dynamics of climate 
changes. Reviews of Geophysics 48, RG3001, 
doi:10.1029/2009RG000302.

Stammer, D., K. Ueyoshi, A. Köhl, W.B. Large, 
S. Josey, and C. Wunsch. 2004. Estimating 
air-sea fluxes of heat, freshwater and 
momentum through global ocean data assimi-
lation. Journal of Geophysical Research 109, 
C05023, doi:10.1029/2003JC002082.

Warren, B.A. 1983. Why is no deep water formed 
in the North Pacific? Journal of Marine 
Research 41(2):327–347.

Weyl, P.K. 1968. The role of the oceans in climatic 
change: A theory of the ice ages. Meteorological 
Monograph 8:37–62.

Wijffels, S.E. 2001. Ocean transport of fresh 
water. Pp. 475–488 in Ocean Circulation and 
Climate. G. Siedler, J. Church, and J. Gould, eds, 
Academic Press. 

Wijffels, S.E., R.W. Schmitt, H.L. Bryden, and 
A. Stigebrandt. 1992. Transport of fresh-
water by the oceans. Journal of Physical 
Oceanography 22:155–162.

Wüst, G. 1936. Oberflächensalzgehalt, Verdunstung 
und Niederschlag auf dem Weltmeere. 
Länderkundliche Forschung, Festschrift 
Norbert Krebs, 347–359.

Yu, L., and R.A. Weller. 2007. Objectively analyzed 
air-sea heat fluxes for the global ice-free 
oceans (1981–2005). Bulletin of the American 
Meteorological Society 88:527–539.


