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ABSTRACT

The ocean’s surface salinity field has changed over the observed record, driven by an intensification of the

water cycle in response to global warming. However, the origin and causes of the coincident subsurface salinity

changes are not fully understood. The relationship between imposed surface salinity and temperature changes

and their corresponding subsurface changes is investigated using idealized ocean model experiments. The

ocean’s surface has warmed by about 0.58C (50 yr)21 while the surface salinity pattern has amplified by about

8% per 50 years. The idealized experiments are constructed for a 50-yr period, allowing a qualitative com-

parison to the observed salinity and temperature changes previously reported. The comparison suggests that

changes in both modeled surface salinity and temperature are required to replicate the three-dimensional

pattern of observed salinity change. The results also show that the effects of surface changes in temperature and

salinity act linearly on the changes in subsurface salinity. Surface salinity pattern amplification appears to be the

leading driver of subsurface salinity change on depth surfaces; however, surface warming is also required to

replicate the observed patterns of change on density surfaces. This is the result of isopycnal migration modified

by the ocean surface warming, which produces significant salinity changes on density surfaces.

1. Introduction

Previous works have reported coherent patterns of

multidecadal salinity changes within the oceans

(Freeland et al. 1997; Wong et al. 1999, 2001; Dickson

et al. 2002; Curry et al. 2003; Boyer et al. 2005; Johnson

and Lyman 2007; Gordon and Giulivi 2008; Cravatte

et al. 2009; Hosoda et al. 2009; Roemmich and Gilson

2009; von Schuckmann et al. 2009; Durack and Wijffels

2010; Helm et al. 2010; Kouketsu et al. 2010; Durack

et al. 2013; Skliris et al. 2014). However, the cause of

these salinity changes is not fully understood. Ocean

salinity is linked to the global water cycle primarily

through evaporation-minus-precipitation (E 2 P) fluxes

along with terrestrial runoff (Schanze et al. 2010), which

together define the spatial pattern of salinity at the ocean

surface. It has been hypothesized that water cycle am-

plification (the enhancement of the water fluxes at the

surface of the ocean—e.g.,E2 P) is a major driver of the

subsurface salinity changes (Bindoff and McDougall

1994, Wong et al. 1999, 2001; Curry et al. 2003; Hosoda

et al. 2009; Helm et al. 2010; Durack et al. 2012; Terray

et al. 2012). The ocean’s dynamic nature ensures that

along with E 2 P, ocean temperature, circulation, and

mixing changes also play a role in driving changes to the

ocean’s salinity field.

The water cycle has likely amplified in response to

observed global warming (Hartmann et al. 2013; Rhein

et al. 2013; Hegerl et al. 2014) as a result of the increased

capacity of the warmer atmosphere to hold water vapor

following the Clausius–Clapeyron relation (Held and
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Soden 2006). However, quantifying water cycle changes

from the poorly constrained, highly variable and episodic

precipitation or surface fluxes is difficult. Observed ana-

lyses of global ocean salinity change potentially provide

insight into water cycle change. In climate models,

Durack et al. (2012) demonstrated that in those with a

surface warming, a stronger water cycle amplifies the

ocean’s surface salinity pattern such that regions of the

oceans that are saltier than the global mean become

saltier over time and regions that are fresher than the

global mean become fresher, consistent with observed

changes (Durack et al. 2012; Rhein et al. 2013).

As noted above, there are many studies that have in-

vestigated long-term changes to both global and re-

gional salinity patterns. Durack and Wijffels (2010)

compiled 59 years (1950–2008) of global ocean salinity

observations and reported the long-term salinity change

patterns. Their analysis suggested that surface-forced

salinity changes, along with surface and subsurface

temperature changes, are responsible for the observed

trends of subsurface salinity changes. Following pre-

vious studies (Bindoff and McDougall 1994; Wong et al.

1999, 2001; Curry et al. 2003), Durack and Wijffels

(2010) analyzed the pattern of salinity change on density

surfaces and found features that were repeated in-

dependently in each ocean basin. The subsurface salinity

changes propagate into the interior along isopycnals

driven by subtropical subduction.

During the 1950–2000 period, the near-surface ocean

has warmed by about 0.58C, including the subtropical

gyres, but with less warming in the high latitudes (Rhein

et al. 2013). As a result of this broad-scale warming in

the subtropics, the location of the surface isopycnal

outcrops has been shifting poleward by about 50–

100 km, driving an outcrop migration through the cli-

matological mean surface salinity field, which to first

order is stationary (Durack and Wijffels 2010). The

poleward shift of isopycnals results in a predictable

pattern of change of the salinity injected into the oceans

interior by normal wind-driven subduction (Drijfhout

et al. 2013). Isopycnals that outcrop equatorward of the

subtropical salinity horizontal maximum migrate pole-

ward into a saltier surface regime and thus experience a

surface salinity increase, while those that outcrop pole-

ward of the horizontal maximum migrate into a fresher

regime and experience a surface freshening. Durack and

Wijffels (2010) show the connection between the salinity

changes on isopycnals and the corresponding surface

salinity in their Figs. 9 and 10. This yields a pattern of

change that is almost orthogonal to the mean salinity

pattern (in density space)—that is, with the strongest

change signal appearing in the gradient regions of the

climatological mean salinity (Durack andWijffels 2010).

At the surface salinity maximum regions, the subsurface

salinity trend changes sign as the migrating outcrop

passes from a surface salinity increase to a decrease and

vice versa for the surface salinity minimum.

While the warming-driven outcrop migration process

appears to be at work (Durack and Wijffels 2010), there

is also strong observational and model evidence for the

intensification of the surface salinity pattern due to the

amplified water cycle (Helm et al. 2010; Durack et al.

2012; Hegerl et al. 2014). Hence, the resolved changes to

subsurface ocean salinity are likely due to a combination

of these surface-forced processes. Additionally, co-

incident multidecadal changes to ocean mixing and

circulation are possible. The current observational cov-

erage, however, means little can be confidently assessed

about such changes to the general circulation (Rhein

et al. 2013).

Here, we aim to understand the drivers of the ob-

served subsurface salinity andwatermass changes and in

particular understand whether the processes of outcrop

migration and/or surface salinity pattern amplification

are indeed the primary drivers. We use a global ocean

model to evaluate the relative contribution of these

separate surface forcing terms. In particular, we in-

vestigate the role of surface salinity pattern amplifica-

tion and surface temperature increases by undertaking

four idealized simulations (control, changed surface

temperature, changed surface salinity, and changes in

both surface temperature and salinity). We use this

idealized decomposition to assess the mechanisms that

are driving the subsurface changes assessed in both

depth and isopycnal (water mass) frameworks. The re-

sults are compared with observations (Durack and

Wijffels 2010).

This paper is the first in a series of three that de-

composes the role of changes at the surface of the ocean

to the observed changes in the ocean interior. In this

paper, we focus on the impact of the surface tempera-

ture increase and salinity pattern amplification to the

changes in salinity at the subsurface. In the second pa-

per, we assess the impact of the surface temperature

increase and salinity pattern amplification to the

changes in temperature in the ocean interior. In the third

paper, we will focus on the changes in salinity and

temperature in the ocean interior due to changes in the

wind patterns.

2. Methods

The model used in this study is the Australian Com-

munity Climate and Earth System Simulator Ocean

Model (ACCESS-OM; Bi et al. 2013). It is a coupled

global ocean and sea ice model that combines the
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Modular Ocean Model version 4.1 (MOM4p1; Griffies

2009), the data-driven atmospheric model (MATM),

and the Los Alamos National Laboratory Sea IceModel

version 4.1 (CICE4.1; Hunke and Lipscomb 2010).

These submodels exchange information through nu-

merical coupling with OASIS3 (Valcke 2006).

The grid has a resolution of 18 in the zonal direction

(between ;23 km at 788S and ;111km at the equator).

The meridional resolution varies from 1/48 at 788S
(;27km) to 18 at 308S (;111 km) with equatorial re-

finement to 1/38 between 108S and 108N (;37km). There

are 50 levels of varying thickness in the vertical direction

between 0 and 6000m. The vertical layers are thinner at

the surface (10m) and thicker at depth (up to 333m

thick). The topography is approximated by a partial cell

method. The tracers and velocity are evaluated on a

commonArakawa B grid (Arakawa and Lamb 1977) for

both ocean and sea ice models.

The normal year forcing version of the Co-ordinated

Ocean–Ice Reference Experiments (CORE) dataset

from Large and Yeager (2004, 2009) is imposed on the

ocean and ice submodels through the MATM, using the

CORE experimental design as outlined in Griffies et al.

(2009). The CORE forcings and bulk formulas used are

version 2 (COREv2) as defined in Large and Yeager

(2004, 2009). The 500-yr ocean–ice model spinup simu-

lation was qualitatively similar to other CORE models

(see Griffies et al. 2009) and provided a stable state for

the commencement of the experiments considered

herein. As for most models of its kind, some deep water

mass adjustment continues after spinup, but this will be

explicitly dealt with below.

Bi et al. (2013) assessed in detail the state of the

ACCESS-OM model after a 500-yr spinup, finding that

the model has a realistic global ocean circulation and

property field, with most major upper-ocean water

masses represented fairly well. As for many coarse-

resolution Z gridmodels, water mass tongues are eroded

too quickly and do not penetrate as far equatorward as

in the observed oceans (Sloyan and Kamenkovitch

2007) and the main thermocline is too deep and too

thick. The Indonesian Throughflow (ITF) is also not

well defined. However, overall, wind-driven subduction

and the subtropical and equatorial circulation systems

appear to be well simulated (Bi et al. 2013).

To explore how surface changes are transferred to the

ocean interior over 50 years, we carried out four ideal-

ized forcing experiments (Table 1). First, after the 500-yr

spinup, a 50-yr control run was performed where we

continue to force the model with the COREv2 normal

year wind stress used in the spinup but strongly control

surface temperature and salinity by imposing 6-hourly

restoring to a seasonal climatology based on the last year

of the spinup. This allows us to quantify the small but

continuing residual drift of the deep water masses in this

model. A second 50-yr experiment (referred to as DT
here) is identical to the control except that surface

temperature is linearly warmed with time to achieve a

0.58C rise between 608N and 558S (Fig. 1a), while surface
salinity is restored to the mean seasonal cycle every 6 h.

The third experiment (DS) is identical to the control

except that temperature is restored to themean seasonal

cycle every 6 h, but themean salinity pattern is amplified

over 50 years by 8% (Fig. 1b). By keeping the surface

forcing condition of COREv2, we ensure that the only

changed variable in the experiments is the surface

temperature or salinity. The fourth and final experiment

(DTDS) imposes the temperature warming and salinity

pattern amplification at the same time. This will allow us

to diagnose any nonlinear interactions of the surface

forcing. For all experiments the wind stresses are iden-

tical. Table 1 summarizes the experiments.

In DT, we are imposing an idealized version of the

observed surface warming from observations for the

period 1950–2000. The latitude limits chosen for

the warmed portion of the ocean surface are based on

the zonally averaged observations of Durack and

Wijffels (2010), but they also allow us to avoid strong

interactions with the model’s sea ice component

(Fig. 1c). While changes in the polar regions of our re-

sults need to be viewed with caution, our primary focus

is on the actively subducting subtropical/equatorial cir-

culation and thermocline water masses. In DS, the

anomaly imposed on the restoring fields is proportional

to the local difference from the global area-weighted

mean for that month and is linearly increased up to 8%

at the end of the 50-yr period (Fig. 1a). The monthly

global average surface salinity used for calculating the

imposed anomaly varies between 34.00 in August and

34.21 in April, calculated as the global mean from the

last year of the spinup to ensure continuity and to take

into consideration the intra-annual variations.

Given the strong surface restoring we apply, the

model surface fields respond as expected, as an idealized

representation of the observed surface changes (Fig. 1).

TABLE 1. List of experiment nomenclature and corresponding

imposed ocean surface conditions.

Experiment

name

Control

(C)

Temperature

(DT )

Salinity

(DS)
Combined

(DTDS)

Temperature

uniform increase

(8C)

0 0.5 0 0.5

Salinity pattern

amplification

(%)

0 0 8 8
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The surface fields reproduce the uniform warming and

salinity pattern amplification seen in the observations.

However, these experiments are idealized and are thus

not an exact representation of the full complexity of the

temporal and regional variations in surface changes

observed over the last 50 years. There are spatial var-

iations in the observed surface warming with areas with

stronger warming than the 0.58C mean and areas with

cooling in the high latitudes; these spatial variations are

not simulated in the idealized experiments (Fig. 1c).

However, on average the warming we impose is con-

sistent with the observations (Fig. 1e). In the Atlantic,

there is stronger positive salinity change than in our

idealized experiment as well as a freshening region at

the equator (Figs. 1b,d). In the North Pacific, there are

more regions of positive salinity trend than in the ex-

periment, and the overall freshening is stronger in our

experiment than in the observations. Notably, the

surface salinity is not amplified as much in the At-

lantic and the other high-salinity regions in the model.

There are also observed regions of positive salinity

trends in the high-latitude Southern Ocean that are not

simulated, although the observations are sparse and

uncertain in that region. Overall, the global zonally av-

eraged salinity changes in the model are fresher than in

the observations (Fig. 1f). These differences between

the imposed changes and those observed have to be

taken into account when comparing our subsurface

modeled changes with the observations (Durack and

Wijffels 2010).

We present analyses of salinity changes zonally aver-

aged in basins, which are defined by the area masks

shown in Fig. 2. These have been chosen to exclude

marginal seas and are identical to those used in the ob-

servational analysis of Durack and Wijffels (2010). All

salinity results presented are using the Practical Salinity

Scale of 1978 (PSS-78) and temperatures are in 8C.
The control experiment provides information about

remaining drift in the model during the 50 years of the

experiments (Fig. 3). The salinity trends are small (less

than about 60.025) compared to the trends observed

and produced in our experiments. The control drift is

positive almost everywhere, except for the IndianOcean

deeper than 500m and denser than 27 kgm23. The

trends from the control experiment are subtracted from

all the results presented on a gridpoint basis.

FIG. 1. (a),(c) Temperature and (b),(d) salinity changes for a 50-yr period. (top) Changes imposed in the model and (bottom) the

observed changes for the period 1950–2000. The black contours are themean field every 38C and every 0.5 PSS-78 for the temperature and

salinity respectively. (right) The global zonally averaged (e) temperature and (f) salinity changes from the experiments (solid line) and

observations (dashed line).
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The surface restoring in our idealized experiment

create long-term change in the heat and salt content of

the global ocean. The total heat content change in DT
from the surface to 2000m, which are the depths at

which we compare our results, is ;20 3 1022 J. This is

consistent with changes in heat content reported in

previous studies for a similar time period (Levitus et al.

2005, 2012). Perhaps more surprisingly, DS also induces

change in the heat content of the top 2000m of the same

amplitude, with ;21 3 1022 J. In DTDS, the total heat

content change from the surface to 2000m is ;41 3
1022 J. That is more than observed, which is due partly to

the absence of the cooling effect from changes in the

wind pattern and to the idealized nature of these ex-

periments. The changes in the heat content and tem-

perature induced by the changes in the surface salinity in

DS and wind pattern will be discussed in detail in the

second and third paper of this series of three. The

changes in heat content from these experiments also

reach deeper than 2000m, but most of the heat remains

within this upper layer. The change in the global mean

salinity for the top 2000m is ;1024 PSS-78 in all ex-

periments as there are no other sources of salt than that

through the surface layer, which we restore either to a

fixed field or to an amplification around the global sur-

face mean salinity.

3. Results

We first examine the impact of the imposed surface

changes on the locations of isopycnal outcrops in the

model (Fig. 4). In DT, the outcrops shift poleward over

FIG. 3. Zonally averaged salinity changes [PSS-78 (50 yr)21] in the control experiment for the (a),(d) Atlantic, (b),(e) Pacific, and (c),(f)

Indian Oceans. (top) Depth space and (bottom) density space are shown. The white contours are the salinity trend every 0.1 PSS-78. The

black contours are the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines). The scale is the same as that used in

subsequent plots for comparison.

FIG. 2. Definition of the spatial domain of the Atlantic (blue),

Pacific (red), and Indian (green) Oceans for zonal averaging used

in this study.
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the 50 years, which is comparable to or sometimes

slightly smaller than that analyzed from observations

(Durack and Wijffels 2010); this is consistent with the

observed warming being mostly less than the imposed

warming (Fig. 1e). Near the poles, where no warming

is imposed, outcrops do not move, as expected. In DS,
the density outcrop locations show very little change

over the 50 years, except for the high-latitude regions

where at low temperatures salinity plays the dominant

role in changes of density and we see some poleward

shift. Similarly, freshening in the western equatorial

Pacific drives outcrops eastward and poleward. Thus,

in these regions the salinity changes enhance the iso-

pycnal migration induced by DT (Fig. 4).

a. Changes in depth surfaces

When viewed as a zonal average on depth surfaces in

the three ocean basins, most of the observed salinity

changes are qualitatively reproduced in DS (Fig. 5) and,

as in the observations, represent a strengthening of the

mean salinity pattern (though this effect is stronger near

the surface). Thus, we see the shallow fresh tropical

salinity minima getting fresher in every basin, the sa-

linity maxima tongues in the subtropics getting saltier,

and the salinity minima associated with the Antarctic

Intermediate Water (AAIW) in the Southern Hemi-

sphere gyres getting fresher. The surface polar oceans

freshen in all basins, as observed.

We note that some of the model water mass biases

can be detected in the mean salinity field. For

instance, compared to the observations, the mean

AAIW minima are poorly formed in the model’s

Southern Hemisphere gyres and do not form a

distinct equatorward-reaching tongue (Sloyan and

Kamenkovich 2007). Thus, the freshening tongue of

the AAIW is not as well defined. The denser salty Red

Sea water is weak in the model’s north Indian Ocean,

as is the associated salinity maximum. The fresh

thermocline plume of the ITF is too weak in the

model. In general, most water mass extrema are

weaker in the model mean compared to the observa-

tions, hinting at too much diffusion given the exacti-

tude of the surface property fields (Fig. 3).

In DT, salinity changes at depth are much smaller than

in DS, which is consistent with the idea that the circu-

lation pathways are largely unchanged since the wind

forcing is fixed, and the injection of salinity into the

thermocline is largely unchanged. There is a freshening

pattern in the midlatitudes of the Southern Hemisphere

between 400 and 1000m in each ocean basin. This fea-

ture is also present in the observations as a freshening

between the surface and 1500m. The freshening from

the surface down to 1000–1500m is reproduced in theDS
only, but the deeper part of this freshening is amplified

with DT and thus more realistic in DTDS. There is also a

mid-depth and deep freshening in the midlatitude North

Atlantic induced by the surface temperature increase.

At the same location, the water is getting saltier in DS.
The total salinity increase in the mid-depth North At-

lantic in DTDS is reduced by the freshening induced by

FIG. 4. Density outcrop at the beginning (black) and at the end (white) for (a) DT, (b) DS, (c) DTDS, and (d) the

observations. The color pattern shows the mean salinity field (PSS-78).
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the surface temperature increase and thus closer to the

observed trend.

Most other effects of observed salinity changes on

depth surfaces are reproduced mainly by DS. Where the

surface becomes fresher or saltier, changes are trans-

ferred to the subsurface through subduction. This sug-

gests that most of the subsurface salinity changes on

depth surfaces are driven by surface salinity pattern

amplification. However, some small contributions from

DT under the gyres add to a more realistic result in

DTDS.

b. Water mass changes

To examine how water masses respond to the ide-

alized forcings we examine changes on density sur-

faces. As there is little change in the salinity field in

depth space with DT and all surface forcings are fixed

except for an increase in surface temperature, changes

in salinity with DT are driven solely by migration of

isopycnals through the mean salinity field. Likewise,

in DS, all fields being constant except for the surface

salinity, changes in the salinity field on isopycnals are

mainly driven by the penetration of the changes in the

surface salinity. These experiments allow a de-

composition to investigate the specific role of the

isopycnal migration from DT to the observed salinity

changes on isopycnals.

1) LINEARITY OF THE CONTRIBUTION FROM THE

SURFACE FORCINGS

To investigate the contribution of each surface forcing

to the water mass changes, we look at changes in the

salinity field on isopycnals. However, we first test

whether DT andDS are additive to give the DTDS results

(Fig. 6). Subtracting the salinity trends of the combined

experiment (DTDS) from the sum of the trends from the

temperature (DT) and the salinity (DS) experiments

(DT1DS2DTDS), we find only weak salinity trends on

isopycnals (Figs. 6a–c). The correlation between the

zonal average salinity trend in density for DTDS and

DT 1 DS is 0.98 for the Atlantic Ocean, Indian Ocean,

and global ocean and 0.99 for the Pacific Ocean. The

small residual trends correlate to those from the sum of

DT and DS (Figs. 6d–f) and are much smaller than those

in the individual runs. This suggests that, for the surface

changes we impose, the salinity and temperature forc-

ings act essentially independently when transmitted into

the interior along isopycnals. This linearity assists in the

understanding of the observed and modeled changes

discussed in the next sections.

FIG. 5. Zonally averaged salinity changes [PSS-78 (50 yr)21] in the (a)–(d) Atlantic, (e)–(h) Pacific, and (i)–(l) Indian Oceans. (left to

right) Observations, DTDS, DT, and DS. The white contours are the salinity trend every 0.1 PSS-78. The black contours are the mean

salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines).
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2) ZONAL AVERAGES

In density space, the DTDS accounts for nearly all the

major observed water mass changes (Fig. 7). These in-

clude increases in subtropical salinity maxima, the

freshening between this maxima and the Intermediate

Water minima (AAIW and North Pacific Intermediate

Water), and a salinity increase in waters denser than

AAIW around Antarctica. These common changes

across basins are all qualitatively reproduced in the

combined DTDS simulation.

In theAtlantic Ocean,DT has a negative salinity trend

of approximately 20.2 (50 yr)21 centered around 308S
and at densities between 25 and 26 kgm23 (see Fig. 7c).

In DS, there is a positive salinity trend of approximately

0.2 (50 yr)21 centered around 208S and at 25 kgm23

(Fig. 7d). These two competing trends cancel each other

out to reproduce the transition between positive and

negative trend at 25.5 kgm23 between 208 and 408S as

seen in the observations. The negative trend in the ob-

servations at densities between 25 and 26.5 kgm23 is

reproduced with DT and the positive trend in the obser-

vations between 24 and 25kgm23 with DS. This is one
of several examples where DT and DS drive canceling

trends and only their sum reproduces the observations.

In the North Pacific, near the equator at the densities

lighter than 24 kgm23, DS has a negative salinity trend

while DT has a positive trend (see Figs. 7g,h). These

largely cancel to leave a small negative trend in DTDS.
The observations present a positive trend for this area.

The surface freshening imposed in the model in the

midlatitude North Pacific is stronger and covers a larger

area than observed for the same region, and the model’s

North Pacific salinity maxima is smaller (Figs. 1b,d). The

increase in salinity due to the outcrop migration into the

salinity maxima is thus limited. At the same time, DS
induces a freshening stronger than in the observations.

These two biases combine to give a net freshening in the

model while the observations have an increase in

salinity.
In the Indian Ocean, the increase in salinity at den-

sities lower than s ’ 24kgm23 is reproduced in DT
(Figs. 7i,k). It is partially canceled by a freshening in DS
(Figs. 7j,l). The region of salinity increase in the obser-

vations of the Indian Ocean is not as salty in our ex-

periment’s idealized surface salinity field (Figs. 1b,d).

This can explain the weaker salinity increase in DTDS.
However, some observed changes are not simulated

accurately through these simple experiments. The

freshening originating along s ’ 27kgm23 in the South

FIG. 6. (a)–(c) Zonally averaged salinity changes [PSS-78 (50 yr)21] on neutral density for the sum of DT and DS and (d)–(f) zonally

averaged salinity trend on neutral density for the sum of DT and DSminus DTDS. The white contours are the salinity trend every 0.1PSS-

78. The black contours are the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines). The dotted lines are the levels at

which density surfaces are plotted on Fig. 8 (24, 25, and 26.75 kgm23).
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Atlantic does not penetrate far enough northward. This

is likely due to the weak northward penetration of

AAIW in the model as seen in the mean contours

(Fig. 7). The model does not reproduce the propagation

of the Mediterranean Sea outflow salinity increase

through the Atlantic at s ’ 27.7 kgm23; it is at lesser

densities of s values of roughly 26.75 to 27 kgm23 in the

model (Figs. 7a,b).

The salinity increase near the equator in the North

Pacific is not reproduced in the experiment. The surface

freshening imposed at the surface in the model in the

midlatitude North Pacific is stronger and over a larger

area than observed for the same region (Figs. 1b,d). This

amplifies the freshening from DS and negates the posi-

tive trend from DT. The increase in salinity in the north

Indian Ocean is not as prevalent and does not penetrate

as deep, but again the model is missing the denser Red

Sea water overflow (Figs. 7i,j). The freshening of the ITF

plume is not well reproduced in the model. The fresh-

ening, like the mean ITF, is mixed and less defined than

observations (Figs. 7i,j).

Densities heavier than s ’ 27kgm23 are less well

ventilated than observed. The ventilation at these den-

sities happens largely via the North Atlantic Deep

Water and the Antarctic Bottom Water formation.

Observed salinity increases in these densities are asso-

ciated with Upper Circumpolar Deep Water (UCDW)

in the Southern Hemisphere high latitudes. The salinity

increase in the UCDW throughout the Southern Ocean

is reproduced in DTDS (Figs. 7b,f,j). The increase in

salinity in the Pacific andAtlantic UCDW is reproduced

mainly through DS, although with some small contri-

bution from DT (Fig. 7). As we do not warm the ocean

surface south of 558S with DT and DTDS, this limits the

induced changes and helps to explain why the corre-

sponding salinity trend in DTDS is smaller than in the

observations.

Overall most key features are reproduced through

either DT or DS and together in DTDS. Specific features
of salinity changes are reproduced mainly by DS and

complemented through DT, or vice versa or through

equal contribution. In some instances, a feature pro-

duced through the surface salinity change is canceled

out by changes produced through DT. In these cases, in

DT DS, and in the observation, there is little salinity

change even though each experiment individually pro-

duces salinity trends. This reflects the importance of

considering the shifts in the isopycnals through changes

FIG. 7. Zonally averaged salinity changes [PSS-78 (50 yr)21] on neutral density in the (a)–(d) Atlantic, (e)–(h) Pacific, and (i)–(l) Indian

Oceans. (left to right) Observations, DTDS,DT, andDS. The white contours are the salinity trend every 0.1 PSS-78. The black contours are
the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines). The dotted lines mark where s 5 24, 25, and 26.75 kgm23,

which we examine in more detail.
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in temperature when assessing salinity trends in the

ocean interior.

3) CORRELATION OF SIMULATED SALINITY

CHANGE WITH OBSERVATIONS

We explore the zonally averaged changes in density

between each experiment and the observations via

spatial correlations (Table 2). The density level at which

the salinity changes occur in the experiments varies from

the observations as the model does not represent the

watermasses necessarily in the same density classes. The

differences in the density classes limit the interpretation

of the direct correlation between the modeled and ob-

served salinity changes. Nonetheless, the spatial corre-

lation gives an idea of how well the salinity changes are

reproduced within these idealized simple experiments,

keeping in mind the differences in water mass classifi-

cation in the interpretation.

The correlations of DTDS with the observations are

high in all three ocean basins, which indicates that the

major patterns of water mass salinity changes are re-

produced. In every basin, the correlation of DTDS with

the observed changes is higher than eitherDS orDT. The
Atlantic pattern has a bigger contribution from DS, and
the Pacific and Indian patterns have a stronger contri-

bution from DT. The Atlantic has a stronger surface

salinity increase (Figs. 1b,d), which explains the stronger

contribution from the salinity changes. Both DT and DS
have globally similar correlationwithDTDS. The salinity
changes in DT and DS anticorrelate, particularly in the

Atlantic, where the effect of the surface temperature

change and salinity change at the surface have an op-

posite effect on the subsurface salinity change.

4) REGIONAL DISTRIBUTION OF SALINITY

CHANGE WHEN s 5 24KGM
23: UPPER

THERMOCLINE

Each of the maps on Fig. 8 illustrates regionally, with

varying intensity, the changes in salinity from the pole-

ward migration of isopycnals (DT) and the salinity am-

plification (DS). Patterns on these density surfaces

enlighten the surface to interior connections along the

isopycnals.

When s 5 24 kgm23 (Fig. 8a), the observations gen-

erally increase in each basin. In DTDS, this increase in

salinity is reproduced with a smaller intensity in the

Atlantic, South Pacific, and IndianOceans (Fig. 8b). The

positive salinity trends in DT reflect the poleward mi-

gration of this density outcrop through the mean salinity

field from lower tropical salinities toward the sub-

tropical salinity maxima (Figs. 2a and 8c). Salinity

changes in DS reflect the subduction of the surface

salinity pattern amplification (Fig. 8d). The regions of

increased surface salinity in DS are subducted in the

South Pacific, north-northwest Indian, and Atlantic

Oceans. Similarly, regions of surface freshening in DS
correspond to freshening on the isopycnal as in the south

Indian and South Pacific Oceans.

The whole Atlantic Ocean has a positive salinity trend

where s 5 24 kgm23 (Fig. 8a). This is reproduced in

both DT and DS; they add in DTDS to render a salinity

increase closer to the observations, although at a lower

intensity (Figs. 8a–d). The surface salinity forcing in the

Atlantic in our experiments is less than in the observa-

tions in the tropics, and so is the warming (Figs. 1a–d).

This explains the smaller increase in salinity in DTDS.
In the South Pacific Ocean, the observations indicate

an increase in salinity (Fig. 8a). The salinity increase

comes from DS and is slightly amplified with DT
(Figs. 8c,d). The salinity increase in DS starts on the

eastern side of the South Pacific at the location of in-

creased surface salinity (Fig. 1b). The salinity increase in

DT originates on the western side, where the outcrops

migrate to a higher salinity (Fig. 4a). For DTDS, the
magnitude of the pattern is reproduced but with a

magnitude about half of that in the observations, which

reflects the smaller salinity increase in the tropics of the

South Pacific with DS (Figs. 1b,d).

In the North Pacific, DTDS produces a freshening,

opposite to the salinity increase seen in the observations

(Figs. 8e,f). There is a slight salinity increase in DT, but
this salinity increase is canceled in DTDS by a stronger

freshening in DS. This failure to reproduce the obser-

vations is a result of a weaker and smaller region of high

surface salinity forcing in the model around 208N where

this isopycnal outcrops (Figs. 1b,d). Also, the increase in

TABLE 2. Spatial correlation coefficients for zonally averaged

salinity change patterns in density space (see Fig. 7). The first

column has the correlation between each experiment and obser-

vations and the second and third column the correlation between

each experiment. The control experiment has been subtracted

prior to calculation in all cases.

Observations

DS
experiment

DT
experiment

DTDS
experiment

Atlantic 0.72 0.60 0.49

Pacific 0.64 0.68 0.69

Indian 0.59 0.53 0.73

Global 0.81 0.53 0.66

DT
experiment

Atlantic 0.24 20.39

Pacific 0.49 20.05

Indian 0.46 20.17

Global 0.53 20.25

DS
experiment

Atlantic 0.54

Pacific 0.37

Indian 0.28

Global 0.44
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salinity with DT is smaller because the outcrops do not

migrate across as strong a salinity gradient as compared

to the observations (Figs. 4a,d).

5) REGIONAL DISTRIBUTION WHEN

s 5 25KGM
23: MIDTHERMOCLINE

The s 5 25kgm23 surface slices through the venti-

lated gyre in each basin (except for the north Indian)

and outcrops in particularly high meridional salinity

gradients; it is thus affected by the salinity amplification

at midlatitudes. This can be seen in Fig. 7 as the

s 5 25kgm23 density surface reaches regions of dense

mean salinity contours near the surface. In the obser-

vations, the surface where s 5 25 kgm23 has decreased

in salinity in the North Pacific, in the eastern South

Pacific, and in the ITF tongue (Fig. 8e). In contrast, the

salinity increases in the western South Pacific, the

equatorial eastern Pacific, and the Atlantic Oceans, as

well asmost of the IndianOcean. These features are well

reproduced with DTDS, though with a reduced ampli-

tude (Fig. 8f). The freshening in the ITF is not repro-

duced, likely because the ITF tongue is very weak in the

model as visible in the mean contours (Fig. 8f), and as a

result the freshening in the western equatorial Pacific is

not advected to the Indian Ocean. The salinity trends in

DT also reflect themigration of the outcrops through the

mean surface salinity field (Fig. 8g). The outcrops mi-

grate away from a surface salinity maximum to lower

salinities driving the freshening along subduction path-

ways in the North and eastern South Pacific.

In the Atlantic Ocean, the salinity increase is repro-

duced withDS. It reflects the subduction of the increased
surface salinity (Fig. 8h). There is a negative trend in the

South Atlantic with DT attenuating the salinity increase

from DS (Fig. 8g). In DT, the outcrop migrates from the

salinity maxima toward lower salinity at this location

(Fig. 4a). The salinity gradient is not as pronounced in

the observations as in the model at this location (Fig. 4).

This explains the salinity increase being stronger in the

observations in the South Atlantic.

In the South Pacific, there is a generalized freshening

trend in DT (Fig. 8g). This reflects the poleward migra-

tion of the outcrop toward lower salinities (Fig. 4a). This

is negated on the western side by the positive trend inDS
(Fig. 8h). At this location, the surface salinity increases

with DS, so waters of higher salinity are being subducted

(Fig. 1b). The combination of both reproduces in DTDS
the observed transition between a negative trend on the

eastern South Pacific and a positive trend in the western

South Pacific (Figs. 8e,f). The salinity increase in DS and

FIG. 8. Salinity changes [PSS-78 (50 yr)21] on neutral-density surfaces at (a)–(d) 24, (e)–(h) 25, and (i)–(l) 26.75 kgm23. (left to right)

Observations, the temperature increase experiment, the salinity pattern increase experiment, and both increased. The black contours are

the mean salinity every 0.5 PSS-78 (thick lines) and 0.25 PSS-78 (thin lines).

1 AUGUST 2016 LAGO ET AL . 5585



decrease in DT both stem from the eastern side of the

South Pacific where the mean salinity maxima occur,

and thus this is a sensitive region for salinity change

through outcrop migration and subduction.

The North Pacific has a strong freshening trend in the

observations (Fig. 8e). The freshening is reproduced in

DTDS; it originates from DT and is amplified by DS
(Figs. 8g,h). In DTDS, the freshening is accurately re-

produced in amplitude and extent (Fig. 8f). In DT, the
outcrops migrate from the North Pacific salinity maxima

northward to lower salinities, which produce a freshen-

ing on the isopycnal. In DS, the freshening reflects the

subduction of the small freshening in the North Pacific

where the outcrop reaches the surface. These two effects

act together to reproduce the total strong observed

freshening.

The increase in salinity in the eastern equatorial Pa-

cific is reproduced in DT (Figs. 8e–g). This is a region of

high surface salinity gradient. With DT, the outcrops

migrate toward regions of higher surface salinity, which

drives an increase in salinity along the isopycnal.

Most of the Indian Ocean increases in salinity where

s 5 25 kgm23 in the observations, except for the ITF

(Fig. 8e). The ITF is weaker in the model, and thus its

freshening is not reproduced in DTDS (Fig. 8f). How-

ever, the rest of the salinity increase in the Indian Ocean

is reproduced at lower intensity. In the south Indian

Ocean, the increase in salinity is mainly reproduced in

DT (Fig. 8g). The outcrop migrates southward toward

the salinity maxima—hence the increase in salinity

(Fig. 4a). However, in our experiment, this isopycnal

outcrops slightly farther north than in the observations,

in a region of smaller salinity gradient. This explains the

smaller salinity increase in the south Indian Ocean. In

the north Indian Ocean, the increase in salinity is re-

produced entirely with DS (Fig. 8h). This increase in

salinity is led by the Red Sea and Persian Gulf overflow

and depends on surface changes in salinity in these

marginal seas.

6) REGIONAL DISTRIBUTION OF SALINITY

CHANGE WHEN s 5 26.75KGM
23: LOWER

THERMOCLINE

The s 5 26.75kgm23 surface is dominated by the

propagation of the SAMW in the Southern Hemisphere

(Figs. 7a,e,i and 8i). In the Northern Hemisphere, the

only ocean in which this density level reaches the surface

is the Atlantic, and it intersects the inflow of saline

Mediterranean waters in the model, which spread at a

lower density than observed (Fig. 8j). The propagation of

the salinity increase originates from the Mediterranean

Sea in the North Atlantic and is reproduced in DTDS,
although it penetrates to lower densities than in the

observations (Figs. 7a,b). The Mediterranean Sea did

become saltier in the time frame of the observations

(Potter and Lozier 2004) but not as much as in our ide-

alized experiment, thus explaining the saltier nature of

the Mediterranean Sea saline tongue in our experiment.

Across the Southern Ocean, the SAMW is freshening

in all basins of the observations (Fig. 8i). This freshening

is reproduced in DTDS, although it does not propagate

as far northward. This signal partly originates from DS
and is amplified with DT, except at the eastern South

Pacific (Figs. 8k,l). At these latitudes, salinity has as

much of a role on the migration of the outcrops as

temperature does because of the lower temperature of

the water. The strength of the observed freshening is not

reproduced in these experiments. The penetration of the

SAMW and AAIW is weaker in the model than in re-

ality because of mixing that is too large, which likely

explains why the salinity anomaly is not transferred to

the subsurface to the same extent as observed.

The North Atlantic increases in salinity in DTDS
(Fig. 8j), which is not the case in the observations

(Fig. 8i). This increase comes from DS and is slightly

reduced by DT. The modeled salinity increase comes

from the diffusion of the Mediterranean overflow at a

lower density than in the observations. The freshening in

DT comes from the poleward migration of the outcrops

from the tropical North Atlantic surface salinity maxi-

mum toward lower salinities. In the observations there

is a slight salinity change reflecting this poleward mi-

gration of the outcrops.

When s 5 26.75 kgm23, the subpolar North Pacific

has a small positive salinity trend in the observations

(Fig. 8i). This increase in salinity is stronger in DTDS
(Fig. 8j) and comes from a combination of both DT and

DS (Figs. 8k,l). The decreased surface salinity and in-

creased temperature in the western North Pacific both

increase buoyancy and thus reduce convection (Figs. 1a,c).

This stops the low-salinity water entering the ocean and

leads to the observed increase in salinity. When both

experiments are combined, the total positive trend is

about 50% larger than observed. Since DS decreases the

surface salinity more than observed in the subpolar

North Pacific and at these latitudes DS impacts more

significantly on density changes, DTDS has a higher in-

crease in salinity than in the observations.

The north Indian Ocean becomes saltier in the ob-

servations (Fig. 8i). The increase in salinity is not re-

produced in DTDS (Fig. 8j). This salinity increase

originates from the overflow from the Red Sea and

Persian Gulf. The model does not reproduce the over-

flow at the same density depth as seen in the mean sa-

linity contours and, similar to the Mediterranean water,

precludes a faithful simulation of change.
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The observed salinity changes in the ocean interior

are overall reproduced by DTDS. However, the salinity

changes in DTDS are often of smaller amplitude than

observed. This is mainly due to discrepancies in the

modeled idealized surface temperature and salinity

change compared with the observed surface changes.

The salinity changes on density surfaces inDTDS require
both the DT and DS experiments to be comparable with

the observations. Both the poleward isopycnal migra-

tion due to surface warming and the amplification of the

surface salinity pattern contribute equally to reproduce

the observed subsurface salinity anomalies. In the At-

lantic, DS contributes more to the total salinity changes.

There are stronger surface salinity changes in the At-

lantic than any other basin, which is consistent with

the stronger impact it has on the subsurface salinity

changes. In the Pacific and Indian Ocean, DT contrib-

utes more to the subsurface salinity changes through

poleward outcrop migration with the quasi-constant

mean salinity field.

4. Discussion

We have found that the majority of subsurface water

mass changes observed by Durack and Wijffels (2010)

over the past 50 years can be explained by simple uniform

ocean surface warming and salinity pattern amplification.

These surface changes are transported into the ocean by a

nearly constant general circulation and fixed winds. They

act linearly to reproduce together the major water mass

salinity changes with correlations between 0.59 and 0.81

when compared with observations.

Most of the salinity changes in the oceans’ interior on

depth surfaces are reproduced through an amplification

of the surface salinity pattern with little contribution

from the ocean warming signal. This suggests that these

subsurface salinity changes are a good indicator of the

water cycle amplification. However, both surface tem-

perature increases and surface salinity pattern amplifi-

cation are needed to explain the observed trends of

water mass properties on density surfaces. Most key

features of observed salinity trends patterns are repro-

duced in DTDS, which is well approximated by a linear

combination of the salinity changes in DT and DS.
A roughly equal contribution of surface temperature

increase and surface salinity pattern amplification is

required to explain the observations on density surfaces.

In some locations, DS and DT have opposing trends and

in others they reinforce a change. Overall, the migration

of isopycnal outcrops needs to be considered when as-

sessing the subsurface changes in salinity. This conclu-

sion could be extrapolated to other tracers when their

changes over time are assessed on density surfaces. The

effect of outcrop migration would also contribute to

subsurface changes of tracers such as oxygen, carbon

dioxide, or nutrients in density spaces.

In these idealized experiments, variations in surface

temperature and salinity combine linearly to produce

changes in salinity in the subsurface ocean. It is possible

that the linearity of these contributions would not persist

for stronger surface temperature warming and salinity

pattern amplification that might occur in a more rapidly

warming world, as feedbacks may perturb the circulation

more strongly. This will likely involve wind changes, and

thus a coupled modeling approach would be required.

Regions where the simulations of change agree less

well with observations generally correspond with fea-

tures not well modeled in the mean: AAIW, marginal

sea overflows, and the ITF. These failures imply subgrid-

scale processes that are not simulated at this resolution.

There are also differences in the amplitude of salinity

changes because of discrepancies between our idealized

simulations and the more complex observed surface

temperature and salinity changes. However, it is re-

markable that many of the complex regional patterns of

change in subsurface salinity can be simulated by such

simple surface perturbations.
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