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Abstract

Salinity in the global ocean has started experiencing substantial changes related to the
present-day warming and an associated intensification of the global water cycle. The
resulting salinity trends which can be characterized as driven by "wet get wetter and
dry get drier" are expected to continue over the next century, with a strength that
will depend on the anthropogenic forcing. An assessment of the impact of the salinity
changes on the general circulation requires to understand the mechanisms driving these
changes, their attribution to changing surface fluxes, but also on the mechanisms in-
fluencing the rest of the physical ocean. In a projected climate, resulting in significant
changes in the surface fluxes, each of these forcing mechanisms may drive a distinctly
different salinity response.

The primary objective of this study is to distinguish between salinity changes resulting
from warming, freshwater flux and wind-stress changes and to use this information to
investigate mechanisms that are expected to drive future changes.

We investigated salinity change mechanisms that are simulated under strong climate
change forcing conditions. This part of the study is based on the output of the
Max Planck Institute Earth System Model (MPI-ESM) Medium Resolution run with
RCP8.5 forcing conditions. In comparison to the present-day oceanic conditions, sea
surface salinity (SSS) increases towards the end of the 21st century in the tropical and
the subtropical Atlantic. In contrast, a basin-wide surface freshening can be observed
in the Pacific and Indian Oceans. The RCP8.5 forcing scenario with a global surface
warming of ∼2.3 ◦C marks a water cycle amplification of 19% and a SSS signal ampli-
fication of 18%. A dominant part of this amplification in SSS comes from the Atlantic
Ocean (31%), whereas the Pacific and Indian Oceans show a weaker amplification of
9%.

On a large scale, the global water cycle drives global SSS changes by altering the surface
freshwater flux. On smaller scales, advection related to circulation substantially affects
near-surface changes. A large fraction of its associated advection changes is required
to balance the advection change related to circulation changes. Subsurface salinity
changes can be decomposed into the surface-forced changes in water masses (spice)
and the heaving of isopycnals. We find that the changes in surface freshwater flux



ii Abstract

dominate the upper 500 m subsurface salinity changes in the subtropical oceans by
forcing the surface anomalies to subsurface through spice signal. While this is true
for all the subtropical ocean basins, in the subtropical Atlantic Ocean, the dynamical
response associated with wind-stress and circulation changes is equally important in
driving subsurface salinity changes in the upper 1000 m. However, this mechanism is
less significant for salinity adjustment in the Pacific and Indian oceans.

In a subsequent study, a set of Flux-Anomaly-Forced Model Intercomparison Project
(FAFMIP) sensitivity experiments, are used to verify the salinity response to individ-
ual surface forcings. These sensitivity experiments from the high-resolution version
of MPI-ESM indicate a similar response in salinity to surface freshwater flux in an
RCP8.5 scenario. Analysing a small region of the South Atlantic Ocean, we find that
freshwater flux changes alone were insufficient to see a significant SSS signal amplifi-
cation. This indicates the strong role of surface warming in driving the Atlantic SSS
response alongside the freshwater flux. However, the heat flux experiment in FAFMIP
is unsuitable for isolating the salinity changes associated with warming in the global
ocean. Finally, a passive tracer experiment perturbed with the same freshwater flux
prescribed in the FAFMIP experiment shows the need to consider the role of ocean-
atmosphere feedbacks and circulation changes in quantifying the salinity response to
freshwater flux changes.

The results advance our knowledge about projected salinity changes by showing the
consistently dominant role of the surface freshwater flux in forcing salinity changes in
both depth and density levels for all the ocean basins. These results suggest that the
water cycle changes under strong anthropogenic CO2-forcing can lead to major changes
in SSS and subsurface salinity over large parts of the global ocean.
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Zusammenfassung

Der Salzgehalt im globalen Ozean hat im Zusammenhang mit der heutigen Erwärmung
und einer damit verbundenen Intensivierung des globalen Wasserkreislaufs erhebliche
Veränderungen erfahren. Die daraus resultierenden Salzgehaltstrends sind getrieben
durch das Muster "nass wird nasser und trocken wird trockeneründ werden sich vor-
aussichtlich im nächsten Jahrhundert fortsetzen, wobei die Stärke dieser Trends vom
anthropogenen Einfluss abhängen wird. Eine Beurteilung der Auswirkungen der Salz-
gehaltsveränderungen auf die allgemeine Zirkulation erfordert das Verständnis der Me-
chanismen, die diese Veränderungen antreiben, ihre Zuordnung zu den sich ändernden
Oberflächenflüssen, aber auch zu den Mechanismen, die den Rest des physikalischen
Ozeans beeinflussen. In einem prognostizierten Klima, das zu signifikanten Veränderun-
gen der Oberflächenflüsse führt, kann jeder dieser Antriebsmechanismen eine deutlich
unterschiedliche Änderung des Salzgehalts bewirken.

Das primäre Ziel dieser Studie ist es, zwischen Salzgehaltsänderungen infolge von Er-
wärmung, Süßwasserflüssen und Windeinflussänderungen zu unterscheiden und diese
Informationen zu nutzen, um Mechanismen zu untersuchen, von denen erwartet wird,
dass sie zukünftige Veränderungen antreiben könnten.

Wir untersuchten Mechanismen der Salzgehaltsänderung, die unter Bedingungen eines
starken Klimawandels simuliert werden. Dieser Teil der Studie basiert auf Ergebnis-
sen des Erdsystemmodells des Max-Planck-Instituts für Meteorologie (MPI-ESM) in
mittlerer Auflösung, das mit dem RCP8.5-Szenario angetrieben wurde. Im Vergleich
zu den heutigen ozeanischen Bedingungen nimmt der Salzgehalt der Meeresoberflä-
che (SSS) im tropischen und subtropischen Atlantik gegen Ende des 21. Jahrhunderts
zu. Im Gegensatz dazu ist im Pazifik und im Indischen Ozean eine beckenweite SSS-
Abnahme zu beobachten. Das RCP8.5 Antriebsszenario mit einer globalen Oberfläche-
nerwärmung von ∼2.3 ◦C markiert eine Wasserkreislaufverstärkung von 19% und eine
SSS-Signalverstärkung von 18%. Ein dominanter Teil dieser SSS-Verstärkung kommt
aus dem Atlantischen Ozean (31%), während der Pazifische und Indische Ozean eine
schwächere Verstärkung von 9% aufweisen.

Großskalig treibt der Wasserkreislauf die globalen SSS-Veränderungen an, indem er
den oberirdischen Süßwasserfluss verändert. Auf kleineren Skalen beeinflusst die Ad-
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vektion im Zusammenhang mit der Zirkulation die oberflächennahen Veränderungen
wesentlich. Ein großer Teil der damit verbundenen Advektionsänderung ist erforderlich,
um die Advektionsänderung im Zusammenhang mit Zirkulationsänderungen auszuglei-
chen. Salzgehaltsänderungen unterhalb der Oberfläche können in oberflächenbedingte
Änderungen der Wassermassen (Spice) und die Hebung von Isopyknen zerlegt werden.
Wir stellen fest, dass die Änderungen des oberirdischen Süßwasserflusses die oberen
500 m der unterirdischen Salzgehaltsänderungen in den subtropischen Ozeanen domi-
nieren, indem die Oberflächenanomalien durch das Spicesignal nach unten gezwungen
werden. Während dies für alle subtropischen Ozeanbecken gilt, ist im subtropischen At-
lantischen Ozean die dynamische Reaktion, die mit Windeinfluss und Zirkulationsän-
derungen verbunden ist, ebenso wichtig, um die unterirdischen Salzgehaltsänderungen
in den oberen 1000 m voranzutreiben. Dieser Mechanismus ist jedoch für die Salzge-
haltsanpassung im Pazifischen und Indischen Ozean weniger ausgeprägt.

In einer anschließenden Studie wird eine Reihe von Sensitivitätsexperimenten des Flux-
Anomaly-Forced Model Intercomparison Project (FAFMIP) verwendet, um die Re-
aktion des Salzgehalts auf individuelle Oberflächeneinflüsse zu verifizieren. Die Sen-
sitivitätsexperimente, die mit der hochauflösenden Version von MPI-ESM durchge-
führt wurden, weisen auf eine ähnliche Reaktion des Salzgehalts auf den Oberflä-
chensüßwasserfluss in einem RCP8.5-Szenario hin. Eine kleine Region im Südatlantik
zeigt, dass Süßwasserflussänderungen allein nicht ausreichten, um eine signifikante SSS-
Signalverstärkung zu erkennen. Dies deutet auf die starke Rolle der Oberflächenerwär-
mung bei der Steuerung der atlantischen SSS-Reaktion neben dem Süßwasserflusses hin.
Das Wärmeflussexperiment in FAFMIP ist jedoch ungeeignet, um die mit der Erwär-
mung im globalen Ozean verbundenen Salzgehaltsänderungen zu isolieren. Schließlich
zeigt ein passives Tracer-Experiment, das mit demselben im FAFMIP-Experiment vor-
geschriebenen Süßwasserfluss gestört wurde, die Notwendigkeit, die Rolle von Ozean-
Atmosphäre-Rückkopplungen und Zirkulationsänderungen bei der Quantifizierung der
Salzgehaltsreaktion auf Änderungen des Süßwasserflusses zu berücksichtigen.

Die Ergebnisse erweitern unser Wissen über prognostizierte Salzgehaltsänderungen,
indem sie die durchweg dominante Rolle des Oberflächensüßwasserflusses bei der Er-
zwingung von Salzgehaltsänderungen sowohl in Tiefe- als auch in Dichteschichten für
alle Ozeanbecken zeigen. Diese Ergebnisse deuten darauf hin, dass die Veränderungen
des Wasserkreislaufs unter starkem anthropogenem CO2-Antrieb zu großen Verände-
rungen des SSS und des unterirdischen Salzgehalts in weiten Teilen des globalen Ozeans
führen können.
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Chapter 1

Introduction

1.1 Motivation

As we dive into the ocean, the first thing we notice is the salty water. The salinification
of the ocean happened over millions of years through sedimentation and riverine input
from physical and chemical weathering of rocks over land. The global water cycle,
which is the continuous exchange of water between ocean-atmosphere-land, modifies
the ocean salinity. The regional and global changes in ocean salinity is determined
by processes such as evaporation and precipitation over the ocean, river water input,
and the melting of sea and land ice. This results in regions of low and high salinity,
and a balanced salt exchange between them sets the horizontal distribution of salinity
in the upper ocean. About 77% of the global precipitation and 85% of the global
evaporation occur over the ocean (Schmitt, 2008). As a result, any changes in the
water cycle, especially precipitation (P) and evaporation (E), affect the sea surface
salinity (SSS), especially on regional scale.

An understanding on how salinity changes is important for two reasons. Firstly, salinity
is closely linked to the water cycle. As a result, a better understanding of salinity
changes would be required for a detailed estimation of changes in the water cycle.
Secondly, salinity affects the ocean density and therefore the ocean circulation. The
ocean circulation changes affect the heat transported from the tropics to the high-
latitudes and thereby influence the climate.

According to the Fifth Assessment Report (AR5) of the Intergovernmental Panel for
Climate Change (IPCC), the global ocean surface temperatures show an increasing
trend of about 0.5 ◦C since the mid-20th century (Solomon et al. 2007), which mostly
comes from the anthropogenic forcing, associated with anthropogenic greenhouse gas
emissions. This global warming has led to an intensification of the global water cycle
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(Huntington 2006; Durack et al. 2012; Durack et al. 2014; Vinogradova and Ponte
2017), which involves changes in the rate of E and P and river runoff (R).

Many previous studies have addressed the importance of changes in surface forcing
on SSS and subsurface salinity changes (Durack and Wijffels 2010; Lago et al. 2016;
Zika et al. 2018). The observations and climate model simulations for the past decades
have shown a substantial amplification in the mean pattern of SSS with an increasing
salinity in evaporation dominated regions and a freshening in precipitation dominated
regions (Durack et al., 2012), which is associated with an intensification of the water
cycle (Helm et al. 2010; Hosoda et al. 2009; Durack and Wijffels 2010; Pierce et al.
2012); Bindoff and Mcdougall 1994; Curry et al. 2003; Hosoda et al. 2009; Helm et al.
2010; Durack et al. 2012).

To a large extent, patterns of the surface salinity field of the global ocean are imposed
by the net surface freshwater flux, given by evaporation minus precipitation minus river
runoff (E-P-R). For 0.5◦C of surface warming and a water cycle amplification of around
4% in the past 50 years, the global SSS has changed by about ±0.2 pss (Durack and
Wijffels 2010). Moreover, subsurface ocean salinity in a warmer climate is driven by a
combination of changes in surface forcings of freshwater flux, surface warming and wind
stress. The effects of surface ocean warming and freshwater flux changes are already
visible in the subsurface salinity (Durack and Wijffels 2010).

In the current scenario of global warming, during the 1950s to 2000s with a surface
warming of 0.5◦C (Solomon et al., 2007), Zika et al. (2018) find that the ocean warm-
ing attributes to almost half of the global SSS amplification along with the surface
freshwater forcing. On multidecadal time scales, surface warming significantly impacts
subsurface salinity changes (Durack and Wijffels 2010; Lago et al. 2016), along with
surface freshwater flux changes. These changes were associated with the warming-
induced lateral shift of the surface density outcrop locations. Hence, these studies
show that in a 0.5◦C warm world with a SSS amplification of 8% (Durack et al. 2012),
the surface warming and freshwater changes together combined almost linearly produce
the subsurface salinity changes in the global ocean.

However, the previous studies on multidecadal time scales assumed the salinity changes
associated with wind-stress and related circulation changes to be negligible. In a rapidly
warming world, the wind-stress changes and related circulation might have a strong
influence on multidecadal salinity changes. This draws our attention to how the salinity
changes will be influenced by surface forcings in a future warmer world with an expected
warming of 2-3◦C and a 16-24% amplification of the global water cycle (Durack et al.
2012). Under the global warming, in addition to the possibility of wind-stress related
salinity changes, the contributions from warming and freshwater flux changes to salinity
changes may also vary. Hence, there is a need to understand the role played by each
surface forcing in their contribution to salinity changes.
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With an expected increase in global warming, we need to determine which processes
are involved in the associated adjustment of the salinity field in a future climate. This
can be achieved by using climate projections from coupled climate models dependent
on different climate change scenarios. With a continuing increase in greenhouse gas
emissions, a climate projection under high greenhouse gas emission condition resulting
in substantial changes in surface forcings will provide us with a global warming scenario
to visualise the individual impact of surface forcings in salinity.

1.2 Thesis objectives

Under the pretext of significant forcing changes, the lack of understanding in how indi-
vidual forcings influence the ocean salinities, in different basins, led to the development
of the objectives behind this work. In this study, we aim at separating the surface flux
contributions by distinguishing the surface and subsurface processes that contribute
to salinity response under global warming. With the understanding that, in an ocean
warming scenario, the total projected salinity response would be a combination of
contributions from each surface forcing, we identify the impact and contributions from
surface forcings on the projected global ocean salinity response. The high emission sce-
nario used to study salinity projections is the Representative Concentration Pathway
(RCP) 8.5 scenario (refer chapter 3, section 3.1).

The first part of the study answers the following questions:

• What are the mechanisms driving the salinity changes in the global ocean under
global warming?

• Is the intensification of freshwater forcing the major driver of the global salinity
changes in the RCP8.5 forced climate change scenario?

• If not, what are the relative contributions from each surface forcing in changing
the ocean salinity?

The second part of the study uses the sensitivity experiments developed in Flux-
Anomaly-Forced Intercomparison Project (FAFMIP). This set of experiments are
forced with individual surface flux perturbations equivalent to a CO2-forced climate
change. They aim to identify the oceanic response to individual surface forcings (refer
Chapter 3 for details). Therefore, the second part of the study answer the following
question:

• What are the similarities and dissimilarities in the salinity contributions from
surface forcings between an RCP8.5 scenario and individually-forced flux exper-
iments in FAFMIP?
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The second part helps to verify the contributions obtained from RCP8.5 scenario, in
addition to providing any missing link between salinity changes and surface forcings.

1.3 Outline of the thesis

Chapter 2 provides a background on the salinity distribution in the global ocean, in
addition to how the warming and the related changes in the hydrological cycle affect
the salinity response in surface and sub-surface levels.

Chapter 3 briefly introduces the climate model used in this study, MPI-ESM, along with
the individually forced surface flux experiments of FAFMIP, followed by a description
of the passive tracer experiment setup. This chapter also explains the methods and
mechanisms, related mathematical equations used to decompose surface flux impact
on salinity changes on both depth and density levels.

Chapter 4 addresses the first part of the study by focusing on understanding the mecha-
nisms affecting the salinity changes in each ocean basin under a high-emission scenario.
To achieve this, we first look at the projected changes in SSS in comparison with the his-
torical ocean run, which represents the present-day oceanic conditions. Subsequently,
an analysis of the near-surface balance terms of freshwater to understand the impact
of the large changes in projected freshwater flux.

Chapter 5 studies the impact of individual surface flux perturbations on the salinity
response using FAFMIP runs and verifies the surface flux contributions identified for
the RCP8.5 scenario of the MPI-ESM-MR model (chapter 4), thereby addressing the
second part of the study. Additionally, we set up a passive tracer experiment, using
salinity as a tracer, where we force the tracer with the prescribed freshwater flux, which
is then analysed and compared with the freshwater perturbed FAFMIP run.

Chapter 6 concludes with a summary of the important findings from the Chapters 4
and 5 and provides the open questions and the possibilities for further research.
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Chapter 2

Background

The global ocean salinity changes are driven by changes in surface forcings. Depending
on the time scale, the individual surface forcings have varying impact on the salinity
response. With the existing processes controlling the salinity distribution in the global
ocean, the global warming causes additional changes in the surface forcings, such as
the intensification of the global water cycle, which can lead to changes in their impact
on salinity and thereby cause salinity changes.

Consequently, by using data from the climate change experiments in coupled models,
we explain the mechanisms that produce the salinity responses. This chapter provides
a background on the salinity changes associated with warming. As we focus on the
multidecadal changes, we review the changes in salinity distribution that are associated
with a warmer climate and its relation with the changing surface freshwater flux and
other surface forcings (section 2.1). This will introduce the mechanisms associated
with salinity changes. Finally, we close this chapter by looking at the ocean salinity
response projected by coupled climate models towards the end of the 21st century.

2.1 Salinity changes under global warming

Over the last several millions of years, earth’s climate has experienced several changes,
which is mainly attributed to changes in the solar energy received by the earth that is
influenced by small variations in the earth’s orbit. However, the beginning of human
advancement was marked only about 11,700 years ago with the beginning of Holocene.
Since the mid-20th century, an unprecedented warming trend has been noticed which
has been studied and attributed to be an influence of human activities (Santer et al.
1996; Hegerl et al. 1996; Ramaswamy et al. 2006; Santer et al. 2003; IPCC Fifth
Assessment Report, Summary for Policymakers). The increase in greenhouse gases by
human-emissions, especially CO2, traps more heat in the earth’s atmosphere, which
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has resulted in an increase in our planet’s surface temperature by about 0.5 ◦C since
the 1950s (Solomon et al., 2007).

The ocean warming accounts for more than 90% of the accumulated heat energy (Rhein
et al., 2013a). As a result, an increase in temperature of more than 0.4 ◦C is estimated
to have happened in the upper 700 meters of the ocean since 1969 (Levitus et al.,
2017). In response to this warming, the ability of the atmosphere to hold more moisture
(Willett et al. 2010) has driven substantial changes in the global water cycle over the
past decades, leading to changes in E, P and R.

2.1.1 Changes in the global water cycle

Observational and climate model studies suggest that an intensification of the global
water cycle has occurred over the last 50 years (Trenberth et al. 2007; Durack et al.
2012; Polson et al. 2013). This is also supported by the changes in E (Dai et al. 2004;
Trenberth et al. 2007) and P (Held and Soden 2006; Zhang et al. 2007; Trenberth 2011;
Donat et al. 2016) suggesting the "wet gets wetter and dry gets drier" paradigm.

The "rich get richer and poor get poorer" mechanism is a result of changes experienced
by the global water cycle due to warming. The major driver of the global water cycle,
the atmospheric water vapour, experiences changes in its distribution and concentration
in the atmosphere. According to the Clausius–Clapeyron (CC) relation, the capacity
of the atmosphere to hold water increases by 7% for every 1 ◦C of warming (Held and
Soden, 2006). Following this CC relation, modelling and observational studies have
found an increase in the tropospheric water vapour concentration in association with
a warmer climate in the last few decades (Willett et al. 2008; O’Gorman et al. 2012;
Willett et al. 2010). This increase in the atmospheric water vapour primarily drives
the strengthening of the global water cycle (Allen and Ingram 2002; Held and Soden
2006; Wentz et al. 2007).

Even though E and P over the ocean acts as the primary source and sink of the water
vapour (Baumgartner and Reichel 1975; Schmitt 2008), due to sparse observational
ocean data on P and E, the SSS has been widely used as a proxy to understand the
changes in E-P and hence the water cycle.

The study of (Durack et al., 2012), using SSS observations to understand the water
cycle changes, suggested that spatial pattern of SSS changes since 1950 already shows
evidence for an intensified water cycle. They found that the "rich get richer" mechanism
is already in place, and the salty regions are becoming saltier and fresh regions are
becoming fresher. Their study estimated an intensification of the global water cycle,
which is consistent with the CC relationship, at a rate of 8 ± 5% for every 1 ◦C of
surface warming causing a SSS amplification of about 16% ◦C−1. The study also
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suggests a global water cycle amplification of about 16-24% in a greenhouse gas forced
warmer earth. This value suggests that the global water cycle is intensifying at a faster
rate as it is nearly double the response estimated by the CMIP3 models.

The impacts of river runoff and melting of sea ice are limited to the coastal and higher
latitude regions. Even the major issues, such as the glacial melting, associated with
warming, contribute much less to the water cycle compared to the exchange of water
between ocean and atmosphere (Peterson et al., 2006). However, the past decades have
witnessed a significant increase in river discharges in the Arctic Ocean and the melting
of Arctic sea ice and the Greenland sea ice, causing an increase in the freshwater
content in the high-latitudes of the North Atlantic (Peterson et al. 2002; Stroeve et al.
2014; Serreze and Stroeve 2015; Perner et al. 2019). The increased river discharge
was associated with the rise in global temperatures and the North Atlantic Oscillation
(NOA). All these studies have led us to the conclusion that the intensification of the
global water cycle due to warming bring forth substantial changes in the ocean salinity.
Such changes in salinity have implications on the ocean circulation and therefore the
climate.

A similar pattern amplification is also projected by climate model simulations towards
the end of the 21st century (Trenberth 2011; Hsu et al. 2012; Donat et al. 2016;
Bhowmick et al. 2019). However, the relation between the freshwater flux changes
and SSS changes is complex (Vinogradova and Ponte, 2017). Under global warming,
the changes in salinity are not only attributable to the freshwater flux changes associ-
ated with the global water cycle intensification but also with the ocean warming that
drives density and ocean circulation changes.

2.1.2 Long-term changes in the global ocean salinity

At the ocean surface, the mean SSS distribution patterns reflect the E-P-R pattern in
the global ocean (Schmitt, 2008) (Fig. 2.1). The changes brought out by the global
warming on the surface forcings can significantly affect the ocean salinity not just on
surface but also on subsurface levels. Large and consistent changes, both increasing
and decreasing, on multi-decadal scales have already been documented for the global
ocean salinity (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; Skliris et al. 2014; Vinogradova and Ponte 2017; Zika et al.
2018).

The spatial mean SSS pattern has amplified since the 1950s in agreement with the
intensification of the global water cycle (Durack et al. 2012; Skliris et al. 2014; Zika et al.
2018). Showing that the salinity is closely linked to the freshwater forcing we observe,
the evaporation-dominated regions have increased salinities, such as the subtropical
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Figure 2.1: Annual mean of SSS distribution (World Ocean Atlas, 2005). Taken from the
French Research Institute for Exploitation of the Sea (IFREMER).

gyres of the Pacific, the Atlantic and the Indian Oceans; whereas, the precipitation-
dominated regions have decreased salinities, such as the Western Pacific Warm Pool,
subpolar regions of the North Pacific and North Atlantic.

However, there are exceptions such as fresher waters in the eastern tropical Indian
Ocean which do not follow the typical freshwater flux pattern. Since the focus of our
study is to determine salinity contributions from the surface forcing changes, in the
next section, we review the global changes in ocean salinity for different ocean basins
and our present understanding of the impact determined for various forcing factors.

Pacific Ocean

The Pacific Ocean is relatively fresher compared to the Indian and Atlantic oceans.
With the global warming, the Pacific Ocean over the past 50 years has experienced a
decrease in SSS in the tropical and subpolar regions whereas the subtropical regions
experienced an increase in SSS (Durack and Wijffels 2010; Delcroix et al. 2011; Skliris
et al. 2014). Moreover, the salinity changes are mainly confined to the upper 500 m
of the ocean with an exception south of 70◦S, in the Ross Sea and coastal Antarctica,
where there is evidence of deep freshening (Boyer et al., 2005). This freshening of
the Ross Sea waters, towards the end of the 20th century, was attributed to increased
precipitation, reduced sea ice and increased melting of the Antarctic ice sheet (Jacobs
et al., 2002), likely a result of atmospheric and ocean warming.

The major part of the Pacific basin, from 15◦S to 60◦N, has freshened in the past
decades, typically up to a depth of 300 meters (Boyer et al., 2005). Notably, the
western tropical Pacific Warm Pool (WP) which is typically a region of warm fresh
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waters with high precipitation (Delcroix et al. 1996; Chen et al. 2004) has experienced
intense freshening since 1955 (Cravatte et al., 2009) as a result of increased precipitation
accompanied by warming. However, the North Pacific exhibits low salinities (Skliris
et al. 2014), despite being a net evaporation region. Typically, the mean divergent
Ekman drift causes the lower tropical salinities to advect to the entire western North
and South Pacific (Huang et al., 2005). It is possible that with increased freshening of
the tropical Pacific due to warming, the regions affected by the Ekman drift experience
lower salinities than before.

In the subsurface levels, Wong et al. (1999) reported a freshening of the intermedi-
ate waters of the South Pacific, which is associated with a freshening of the AAIW
source regions in the high latitudes. The decreased salinity in the Ross Sea might have
contributed to the freshening of AAIW source regions in the Southern Ocean (Jacobs
et al., 2002) which would then have changed the water mass characteristics of the deep
and bottom water observed downstream. The subtropical South Pacific reports the
largest area of salinity increase in the Pacific, which extends from the surface to 200
meters in conjunction with the increased E-P in the region.

Indian Ocean

For the Indian Ocean, Boyer et al. (2005) observed an increase in salinity from surface
to about 150 meters in most of the latitudes. Similar to the Pacific, a freshening
of the South Indian intermediate waters along 32◦S was attributed to an increase in
surface freshwater flux (Wong et al., 1999). The Pacific and Indian Ocean sectors of the
Southern Ocean experience freshening where the E-P has a negative trend, however, the
observational data in this region is subject to uncertainty due to sparse data availability
(Durack and Wijffels 2010; Skliris et al. 2014).

The water masses in the northern Indian Ocean have become saline which is a result
of the highly saline overflows from the marginal seas, Red Sea Water (RSW) and the
Persian Gulf water (PGW) (Skliris et al. 2014; Durack and Wijffels 2010). Most of the
near-surface salinity changes in the Indian Ocean are a result of advective transports of
salinities from adjoining regions. The salinity changes in the northern tropical Indian
Ocean are dominated by the advective-diffusive processes and less by the local fresh-
water forcing (Ponte and Vinogradova, 2016). Similarly, the advection of low salinity
water of the western tropical Pacific, which serves as a source region of ITF (Valsala
et al., 2011), causes freshening in the eastern tropical Indian Ocean. Therefore, the
decrease or increase in salinities in the Indian Ocean reflects the impact of surface
freshwater flux changes in the source regions.
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Atlantic Ocean

Of all the ocean basins, the Atlantic Ocean has experienced the largest changes in
salinity over the past decades. The tropical and subtropical Atlantic experienced a
substantial increase in surface and subsurface salinities (Curry et al. 2003; Boyer et al.
2005; Durack and Wijffels 2010; Skliris et al. 2014). The increase in SSS, typically
between the latitudes 20◦S-20◦N, was associated with a large loss of freshwater, i.e.
an increase in net evaporation by 5-10% associated with the warming of the upper
ocean (Curry et al., 2003). In contrast, the higher latitudes of the North Atlantic
experienced a freshening. This freshening is connected to an increase of the net rate
of precipitation along with continental runoff from ice melting (Dickson et al. 2000;
Peterson et al. 2002; Abdalati and Steffen 1997) and in some cases to the amplification
of the North Atlantic Oscillation (NAO) (Marshall et al., 2001).

Similar to the Pacific and the Indian oceans, subsurface change in salinity is prominent
in the upper 500 m of the Atlantic. Few observational studies have noticed an elevated
North Atlantic salinity at depths around 1200 m (Boyer et al. 2005; Durack and Wijffels
2010), between the latitudes of 25◦S and 40◦N, at around neutral density 27.8 kg m−3.
This is the region of the Mediterranean OutflowWaters (MOW). The increasing salinity
trend seen in the Mediterranean Sea over the last few decades (Painter and Tsimplis
2003; Maiyza and Kamel 2010) contributes to the increase in salinities of these water
masses (Roether et al., 1996). While the North Atlantic has increased salinities in larger
depths, the South Atlantic has maximum salinities only in the western subtropics at
the surface ocean.

Salinity changes over the past decades in these three ocean basins have shown that
there are substantial changes in the surface and subsurface salinities due to warming
and associated changes in freshwater forcing. These observational studies from the
1950s have also concluded that the inter-basin contrast has increased with the Atlantic
becoming saltier and the Pacific becoming fresher as a result of warming. The afore-
mentioned has been associated with the increased moisture transport from the tropical
Atlantic to the Pacific in response to warming (Richter and Xie, 2010).

All the above studies on salinity changes show the importance of warming and the
impacts warming has on various other driving factors of salinity. There are few studies
that focus on the contributions from different surface forcings that drive the salinity
changes in the global ocean. An increase in ocean and atmospheric warming drives
large changes in freshwater forcing and wind-driven circulation. Individually they
cause salinity changes in different ocean basins with different degree. At the surface
ocean, a study performed by Zika et al. (2018) combining both observational and
numerical model simulations from 1956-2016, attributed about one-third of the total
SSS amplification to ocean warming, one-sixth to ice mass loss and rest of the SSS
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signal to the amplification of the water cycle by about 3.6% ± 2.1% for every 1◦C rise
in surface air temperature.

The ocean salinity set at the surface by various air-sea exchange, get carried into the
subsurface ocean along the constant density surfaces. Provided the diapycnal mixing
is weak, changes at the surface are mostly preserved in the ocean interior as they move
along a given isopycnal surface (Ledwell et al., 1993). Durack and Wijffels (2010) used
the subsurface salinity changes on isopycnals to distinguish and study the effect of
global warming on the multidecadal salinity changes from the 1950s to 2000s. The
period 1950-2000 marked with a surface warming of about 0.5◦C except in the high
latitudes which marked lesser magnitudes (Rhein et al., 2013b). Durack and Wijffels
(2010) suggested that the rise in surface ocean temperature drive substantial changes in
observed global subsurface salinity. During this period, the surface isopycnal outcrops
shifted by about 50-100 km poleward and it was found that the surface warming drives
a significant part of this shift (Durack and Wijffels, 2010). Such outcrop shifts cause
changes in subducted salinity irrespective of changes at the surface due to freshwater
flux changes.

The ocean warming-driven salinity changes are already visible in the mode waters of
the global oceans (Durack and Wijffels, 2010). In support of the Durack and Wijffels
(2010) study, a coupled global ocean and sea-ice model study done by Lago et al. (2016)
shows similar results. They show that the changes caused by salinity and temperature
changes are required to reproduce observed salinity changes in the subsurface ocean.
However, their impact on density and depth levels are quite different. While SSS
amplification dominates the subsurface salinity changes on depth levels, the salinity
changes on density levels were explained by both warming and SSS amplification.

The wind stress-driven changes are more dominant on small time scales such as the
interannual or seasonal. A recent study by Tesdal et al. (2018), for a period of 2005
to 2015, associated the decrease in near-surface salinity in the western subpolar North
Atlantic with an increase in the eastern North Atlantic subpolar gyre strength. The
subpolar gyre strength was connected to an increase in wind-stress curl driven by the
NAO and Arctic Oscillation. A stronger gyre transports more freshwater into the
Labrador Sea owing to an increase in the inflow of freshwater from East Greenland
Current. Persisting over more extended periods, this potentially affects the deep con-
vection and stratify the North Atlantic water column. However, on multidecadal time
scales, wind-driven isopycnal changes do not dominate, and they act secondarily to
other surface forcings (Häkkinen et al., 2016). As a result, the salinity studies men-
tioned earlier did not take into account the wind-driven changes assuming that shifts in
circulation during their study period, the 1950s to 2000s, are less influential compared
to the warming-related subduction.



12 Background

2.1.3 Projected salinity changes over the 21st century

Climate projections are future scenarios simulated by climate models in order to un-
derstand the possible outcomes related to future changes in greenhouse gas emissions
or their concentrations. A defined set of scenarios were developed by the IPCC to
achieve better knowledge and to mitigate the risks associated with climate change.
CMIP5 model studies include two periods of projections: Near-term (2006-2035) and
long-term projections (2006-2100). Both projections reveal warming and associated
enhancement of the global water cycle towards the end of the 21st century. This en-
hancement is associated with the expected rise in tropospheric temperatures, which
hold and transport more water vapour.

Similar to observed intensification of the global SSS in the past decades, the high
emission scenario of CMIP5 climate model projections show an amplification in SSS
pattern. Near-term projections, for the next few decades (Figure not shown), and long-
term projections (Fig. 2.2; IPCC climate change report 2013, Chapter 12, Fig. 12.34),
until the end of the 21st century, in the climate models show substantial changes in the
SSS with fresh regions becoming fresher and salty regions becoming salty. Even though

Figure 2.2: Projected SSS differences 2081–2100 for RCP8.5 relative to 1986–2005 from
CMIP5 models. Dark shaded regions correspond to regions where the change in the multi-
model mean is less than one standard deviation of internal variability. Stippling indicates
regions, where the change in the multi-model mean, is greater than two standard deviations
of internal variability and also where > 90% of the models agree on the sign change (Taken
from IPCC report, Chapter 12, Figure 12.34)

the SSS projections are consistent with the intensification of the water cycle (Terray
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et al. 2012; Durack et al. 2012), the SSS pattern is different from the E-P projections
(Levang and Schmitt, 2015) indicating possible contributions from the ocean warming,
advection and mixing in addition to the surface freshwater flux changes.

The projections show an increase in the inter-basin salinity contrast between the At-
lantic and the Pacific Ocean basins, with significant changes projected in the western
Pacific WP and the North Atlantic (Terray et al., 2012). Near-term projections of
increasing salinity in the North Atlantic and decreasing salinity in the western tropical
Pacific are considered to be a likely scenario in the future. Therefore, the ocean salinity
projections exhibit two main differences from the mean trend of the basin; an increase
in south-east Pacific salinity and a freshening of the North Atlantic mid-latitudes.

The near-term projection of the North Atlantic, show an increase in the freshwater
flux in the Arctic Ocean, which increases the freshwater transport into the North At-
lantic Ocean (Holland et al. 2006; Holland et al. 2007; Vavrus et al. 2012). Such a
freshwater increase at the surface can change the density and affect the deep ocean
convection, thereby reduce the strength of the Atlantic Meridional Overturning Cir-
culation (AMOC) in the near future. Changes in the AMOC affect the transport of
salinities in the high latitudes and drive changes in the subsurface salinities of the
North Atlantic. Given all this, it is important to recognise different factors that drive
the salinity changes and their contributions to salinity changes in order to understand
the effect global warming has on salinity.
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Chapter 3

Model and methodology

3.1 Coupled Model Intercomparison Project

The Coupled Model Intercomparison Project (CMIP) was set up in 1995 under the
sponsorship of the Working Group on Coupled Modelling. The objective of this project
was to understand the climate changes which arise from natural variability or unforced
or forced variabilities throughout various timelines. The intercomparison project has
become a vital platform to assess the uncertainty and robustness of different climate
models. Different phases of the project, CMIP Phases 3 through 6, in different stages
envisioned to address the major climate change-related issues in the past and for the
future. Each of these phases setup a new framework to fill the gaps and to advance
the understanding of climate change.

CMIP Phase 5 (CMIP5) includes more than 20 modelling groups and over 50 climate
models performing a set of simulations. The CMIP5 models perform two types of
experiments on climate change: one with near-term projections, for 10-30 years which is
also called decadal predictions, second with long-term projections which are on century
time scale (Taylor et al., 2012).

The long-term experiments in CMIP5 consist of different runs which include several
experiments such as a control run, a historical run and a set of future projections
which are forced by specific radiative forcings defined by "Representative Concentra-
tion Pathways" (RCPs) and the RCP scenarios were developed by Moss et al. (2010).
The detailed overview of the CMIP5 experiments are provided by Taylor et al. (2012).
The historical runs, referred to as 20th century runs, starts from the mid-19th and is
forced with observed atmospheric parameters which include the natural and anthro-
pogenic changes. However, the RCP runs were developed for mitigation, which enables
policymakers to take appropriate actions to avoid or achieve specific emission targets.
They, therefore, are designed based on the expected population growth, emission rate,
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societal and technological developments by the end of the 21st century. The RCPs are
named based on their roughly estimated radiative forcing by 2100. The high-emission
scenario of RCP8.5 means that the radiative forcing reaches a level of about 8.5 W m−2

by 2100, likewise for the RCP4.5 and RCP2.6 runs. For these RCP forced runs, the
atmospheric CO2 concentration is not specified but instead calculated by the climate
model.

In this thesis, long-term projections for the RCP8.5 run of the Max Planck Institute-
ESM (MPI-ESM), one of the ESMs that participated in CMIP5, are used to study
salinity changes and their associated mechanisms.

3.2 Model and experiments

3.2.1 Max Planck Institute - Earth System Model

The Max Planck Institute Earth System Model (MPI-ESM) was one of the CMIP5
models and comprises of the general circulation models for the atmosphere (ECHAM6;
Stevens et al. (2013)) and the ocean (MPIOM; Jungclaus et al. (2013)) along with
the biogeochemistry (HAMOCC5; Ilyina et al. (2013)), land and vegetation (JSBACH;
Reick et al. (2013); Schneck et al. (2013)) modules (Fig. 3.1). The details of model
coupling and configuration are described in the papers of Jungclaus et al. (2006) and
Giorgetta et al. (2013).

Here, the study uses the MPI-ESM Medium resolution (MR) version, specifically the
ocean and sea-ice model - MPIOM component. The MR version has a higher vertical
and horizontal resolution in the atmosphere and the ocean, respectively in comparison
with LR. However, LR was used in most of the CMIP5 experiments and MR was used
much less with fewer realisations. The MR has 95 vertical atmospheric levels and a
horizontal ocean grid of 0.4◦. The spin-up procedure for MPI-ESM-MR went on for
1500 years. This is required to make sure the model reaches an equilibrium, especially in
the deep ocean, and to minimise model drift before the start of the control simulations.
Through the 1500 years spin-up procedure, the control run trends were minimised and
MR produced a relatively small linear trend of the order of 0.03 ◦C and 0.003 psu
over 1000 years of control simulations in comparison with what was reported in other
CMIP5 models (e.g. Griffies et al. 2011; Sterl et al. 2012). The Max Planck Institute
Ocean Module (MPIOM) MR oceanic grid is quasi-isotropic with three poles, two of
which is residing in Siberia and Canada and the third pole is located at the South
Pole. The MPIOM-MR has 40 unevenly spaced depth levels starting from 12 meters
to several hundreds of meters with a horizontal resolution of 0.4 ◦; i.e., the higher
resolution quasi-isotropic grid is eddy-permitting in most of the regions in the global
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Figure 3.1: Schematics of MPI-ESM showing all modules and their interaction, redrawn from
Giorgetta et al. (2013).

ocean. The historical run simulates the climate from 1850-2005, and the RCP8.5 run
simulates from 2006-2100.

This thesis also uses the MPI-ESM1.2-HR, referred to as MPI-ESM-HR, which is the
high resolution (HR) version of MPI-ESM. MPI-ESM-HR has an atmospheric resolu-
tion of 100 km or 1.65 ◦ and 95 vertical levels (ECHAM6.3 T127L95). The HR version is
used in the sensitivity experiments described in section 3.2.2. The model related details
are described in the paper by Müller et al. (2018). The ocean component MPIOM with
the tripolar grid has the same resolution as the MPI-ESM-MR version of the model
(Jungclaus et al., 2013), with a resolution of 40 km or 0.4 ◦ (MPIOM1.6 TP04/L40)
with 40 unevenly spaced vertical levels. This high-resolution model was spun-up for
several thousand years. The MPIOM component of the CMIP6 remains unchanged in
comparison to the CMIP5 version. Further description and details of HR version of
the model can be obtained from the paper by Jungclaus et al. (2013).

To understand all the changes and processes related to salinity, the difference between
the last 20 years time mean of the RCP8.5 run (2081-2100), referred as "RCP period" in
the following, and the last 20 years time mean of the historical run (1986-2005), referred
as "historical period", is assessed. The MPI-ESM-MR has only a single realisation
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of the RCP8.5 run. Hence only the changes that are above two times the natural
variability of the model’s control run are considered significant. Since focus of the
study is to understand salinity contribution of surface forcings in a global warming
scenario and their associated mechanism, the use of only a single MR realisation should
not affect the interpretation of mechanisms and their contributions to the projected
salinity response. Moreover, the period used in this study is long enough to filter
out the inter-annual, inter-decadal and multi-decadal natural variabilities in the ocean
climate system. Section 3.3 describes in detail the methods used to analyse the model
data.

3.2.2 Flux-Anomaly-Forced Model Intercomparison Project

The Flux-Anomaly-Forced Model Intercomparison Project (FAFMIP) is part of the
CMIP Phase 6 (CMIP6) whose main objective is to address the spread observed in CO2-
forced climate projections and to study the sea level and the ocean climate changes.
Projected oceanic responses of different AOGCMs are different due to a difference
in models’ surface ocean fluxes, which creates wide model spread and difficulties in
understanding the oceanic responses. In FAFMIP, a set of climate models uses CO2-
forced climate conditions to calculate surface flux perturbations which are then imposed
on a given model’s respective surface fluxes (Gregory et al., 2016).

Seventeen models participate in the FAFMIP experiments, and the data provided by
them are used for the CMIP6 analysis. The 17 models participating in this study by
the end of 2019 are ACCESS-CM2, CCCma CanESM2, CCCma CanESM5, CNRM-
CN6-1, GFDL-CM4, GFDL-ESM2M, GISS2.1, HadCM3, HadGEM2-ES, HadGEM3-
lr, HadGEM3-hr, IPSL-CM6-LR, MIROC6, MPI-ESM1.2-LR, MPI-ESM1.2-HR, MPI-
ESM2, NCAR CCSM. Out of these, nine models have completed the experiments,
including the MPI-ESM-HR.

FAFMIP consists of a set of experiments which separate the effect of surface flux
changes for freshwater flux, momentum and heat flux on ocean response. The exper-
iments are categorised as FAFMIP tier-1, which consists: faf-stress, faf-heat and faf-
water and FAFMIP tier-2, which consists of 2 experiments; faf-passiveheat and faf-all
(Table 3.1). The surface flux perturbations are derived from the 1pctCO2 experiments
of the CMIP5 models. The 1pctCO2 experiment begins from a control state, with an
increase in CO2 concentration by 1% every year. The perturbations are derived from
the years 61-80 of these 1pctCO2 runs, which are taken from 13 CMIP5 models. This
period was chosen as the 70 years in a 1pctCO2 experiment run is the time at which
the CO2 concentration doubles compared to the control state (Gregory et al., 2016).

The faf-stress, faf-water and faf-heat experiments are where perturbations of the surface
zonal and meridional component of the momentum flux, surface freshwater flux and
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Experiment name surface flux perturbation

Tier-1
faf-stress Zonal and meridional wind stress (Fs)
faf-water Freshwater (Fw)
faf-heat Heat (Fh)

faf-heat-NA50pct Fh reduced by 50% over the North Atlantic (Fh50)
Tier-2
faf-all perturbed with all surface forcings from Tier-1

faf-passiveheat heat added as passive tracer
faf-passivesalt salinity as a passive tracer (St)

Table 3.1: Summary of FAFMIP experiments; Adopted from Gregory et al. (2016). The
faf-passivesalt experiment is set up for the tracer study described in this thesis.

surface heat flux are applied on a model’s surface fluxes respectively (Table 3.1). The
faf-passiveheat experiment introduces a passive heat tracer at the ocean surface forced
by the same perturbation as the faf-heat experiment. The faf-all run imposes all the
above surface flux perturbations of momentum, heat and freshwater simultaneously.
Table 3.1 highlights the experiments used for this thesis in grey. Further details of the
FAFMIP design and experiment setup can be found in Gregory et al. (2016).

In case of a heat flux experiment, when the heat flux perturbation (Fh) is applied at
the ocean surface, it causes the surface air temperature to rise, which then increases
the net heat flux into the ocean. This feedback opposes the Fh thereby enhancing the
perturbation added into the ocean. Therefore, in the faf-heat experiment, the model’s
surface heat flux is calculated from a passive temperature tracer which was introduced
to mitigate the feedback associated with Fh. This passive tracer was set up such that
it does not see Fh; hence, avoid the feedback and helps to add Fh entirely into the
ocean. However, this addition causes a reduction in the AMOC of the North Atlantic,
which causes extra Fh to be added over the North Atlantic. In order to rectify this, we
use faf-heat-NA50pct, which reduces the surface heat flux over the North Atlantic by
50%. Details of their difference and impacts on other oceanic response are discussed
in Chapter 5.

The Chapter 5 uses the aforementioned tier-1 experiments performed on MPI-ESM-
HR, hereby referred to as FAFMIP-HR data, to understand the individual impact of
each of the surface forcings on salinity changes. The FAFMIP data has been primarily
used for sea level studies so far; however, we make use of this sensitivity experiments
by using the difference of the time mean of the last 20 years, of the 70-year FAFMIP
run, relative to the control run to analyse the salinity response in a warming climate.
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3.2.3 Passive salinity tracer experiment

The passive salinity tracer experiment setup in this study follows a similar idea as the
set up of faf-passiveheat experiment in FAFMIP. In faf-passiveheat, the surface heat
flux perturbation is imposed on a passive tracer, referred to as "added heat" tracer,
which is initialised to zero (Gregory et al. 2016; Griffies et al. 2016). This heat tracer
does not change the other oceanic parameters in the model; hence, it is the same as
a control run. Similarly, in the passive tracer experiment for salinity, a passive tracer
is imposed with the same freshwater surface flux perturbation, Fw, given in faf-water
experiment. The setup is implemented in the MPI-ESM-HR model, and the experiment
is run for a total period of 150 years.

The passive tracer experiment in this study is given by the name "faf-passivesalt". Here,
unlike in faf-passiveheat, the tracer is initialised to the salinity field of the control run
(Sa). Therefore, we call it ST , the total tracer field. This ST does not affect the density
of the seawater nor does the imposed Fw affect the model’s salinity field or other surface
fluxes. The rest of the model parameters related to the tracer experiment run are same
as in the control experiment run. The tracer is diluted by the P+R-E field, keeping it
unchanged from the model’s actual dynamics. Hence, the tracer evolves in the same
way as the control salinity plus the perturbation induced changes. The evolution of ST
is associated with the perturbation flux Fw. Therefore, the total tracer field is given
by,

ST = Sa + St (3.1)

where St is the change in the total tracer field resulting from the perturbation flux,
Fw and Sa is the salinity field of the control run. From here on, St is referred to as
"passive tracer". This means if Fw = 0 then, St = 0.

Thus, a comparison of faf-passivesalt with faf-water allows to interpret changes in the
salinity transport and influence of Fw-induced surface flux changes in Fs and Fh on
salinity in the faf-water run.

3.3 Theory and methodology

In order to perform zonal-average for each ocean basin, of the MPI-ESM data which is
on a curvilinear grid, the required fields (scalar and vector) were carefully transformed
from curvilinear grid to rectilinear grid with a global ocean resolution of 0.5◦, using the
Climate Data Operators (CDO). The original grid resolution for MPIOM (MR/HR)
is 0.4◦; hence, this resolution change is unlikely to affect the global scale analysis and
inference.
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3.3.1 Surface analysis

The changes in freshwater budget terms are calculated using the budget equation.
Advection and freshwater forcing components of the balance equation are calculated in
the original model grid (curvilinear) using the finite volume method (control-volume
approach) to minimise errors. The freshwater balance equation is given as

(P − E +R) =

∫ 0

−h
u FW dz +

∫ 0

−h
v FW dz + w FW |z=−h + F (3.2)

where the first term on the left side of the equation (lhs) is the surface freshwater flux
term, FW is the freshwater calculated from salinity and is given by 1− S/Sref , where
Sref is 35 psu, u and v are the zonal and meridional ocean currents respectively, h is
the layer from surface (12 meters) to 122.5 m of the model and F accounts for the rest
of the processes such as diffusion and mixing. The total advection term includes the
horizontal and vertical advection components (first three terms on rhs). The terms
are integrated over every grid cell in the finite volume method and are represented in
terms of flux, expressed in unit kgm−2s−1.

Since the salinity changes are calculated from RCP minus historical period and given
the substantial changes in freshwater flux, what we would like to see is the new balance
created majorly by changes in the freshwater term and the advection term. The balance
between changes in the freshwater and advection terms create the freshwater changes
occurring between these two periods. In order to simplify the understanding, the
equation can be simplified to read:

FWrcp − FWhist = ADVrcp − ADVhist + Frcp−hist (3.3)

Here FWrcp is the freshwater flux term for RCP8.5 and FWhist is for the historical
period, ADVrcp and ADVhist represent the advection term in the RCP8.5 and historical
period, respectively. The advection term in eq: 3.2 can be further divided into four
transport terms:

ADV = ADVmean + ADV ′′ + ADVFW ′ + ADVU ′ (3.4)

where ADVmean is the transport due to mean flow and mean freshwater, ADV ′′ is the
changes in flow and changes in freshwater, ADVFW ′ is the transport due to mean flow
and changes in freshwater and ADVU ′ is the changes in flow and mean freshwater.
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3.3.2 Subsurface analysis

The subsurface salinity changes can be associated with the surface forcings such as
freshwater flux, heat flux and wind-stress and how they change under the global warm-
ing. All the related salinity changes are reflected in both depth and isopycnal surfaces.
According to this, the subsurface mechanisms leading to salinity changes can be cat-
egorised as heave and spice changes of salinity (Bindoff and Mcdougall, 1994). In the
following, the spice-related salinity changes are calculated on neutral density surfaces.
The neutral density, γn, which is a function of in-situ temperature (◦C), salinity, lat-
itude, longitude and pressure/depth (Jackett and McDougall, 1997), is the currently
used best representation of density surfaces to perform ocean water-mass analyses
(McDougall 1987; Jackett and McDougall 1997). The neutral density surfaces are
calculated using the MATLAB package developed by Jackett and McDougall (1997).

Bindoff and Mcdougall (1994) provide a framework to understand the subsurface salin-
ity changes on neutral density surfaces from processes of 1) pure warming, 2) pure
freshening and 3) pure heave. The current study uses this framework to deduce the
projected subsurface salinity changes.

Spice

Heave

3

21

ρ1

ρ2

Figure 3.2: Processes of heave and spice. In spice, the parcel subducts along a given density
surface, say ρ2; whereas, in heave the parcel experiences horizontal and vertical displacement
in position over time.
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Heave and spice

A heave signal gives the changes in the isopycnal position resulting from their vertical or
lateral motions over time. This can result from dynamical changes such as wind-stress
changes and also from warming or freshwater changes which causes density changes as
a result of changes in temperature and salinity. However, spiciness does not include the
isopycnal motion. The surface properties are carried along a given isopycnal (Fig. 3.2),
and this subducted surface salinities along a given isopycnal can be associated with
warming and freshwater flux changes. So changes seen along a given isopycnal would
depict water-mass changes or changes in the θ-S relationship.

Equation 3.5 shows the total salinity change decomposed into two signals: the spice
and the heave driven salinity changes using the approach from Durack and Wijffels
(2010). Hence, decomposition of the total salinity change can be written as:

dS = dSγa +
∂S

∂γa
(dγa) (3.5)

where dS is the total salinity change, dSγa is the salinity changes on density levels,
∂S/∂γa is the local gradient of mean salinity against density, dγa is the change in
density

The changes on the isopycnals are related to changes at the surface which are separated
for a given isopycnal outcrop into the salinity changes due to the migration (lateral
shift) of a that outcrop and the local SSS changes. The salinity changes associated
with zonal and meridional migration of isopycnal outcrops are related to the presence
of the horizontal salinity gradients. Here, we only consider the meridional shift of
density outcrops since most of the isopycnal migrations are towards the pole and the
zonal gradient in salinity are smaller than the meridional gradients. The total surface
salinity changes at a given isopycnal outcrop can be expressed as:

dS =
dS

∂y
(δy) + dS ′, (3.6)

dS is the total change in the surface salinity which includes the changes due to migration
(dS/∂y)(δy) and the temporal salinity changes (dS’), likely caused by the freshwater
flux changes. The (δy) is the meridional migration of the outcrop. Let’s define the first
term as the migration − term and the second term on R.H.S as freshwater − term.
To calculate the changes due to lateral shift of a given isopycnal outcrop (first term
on rhs), we used the outcrop locations for the RCP period 2081-2100 and historical
period 1986-2005 to find (δy) along with the mean salinity for the period 1986-2100.
(δy) is calculated by the change in the neutral density over the meridional gradient of
the mean neutral density for the whole period.
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The caveat of applying this method to the case in which most of the signal is related to
warming is, as the schematic in Fig. 3.2 shows, that the warming signal causes a signal
related to lateral and vertical shift of surface isopycnal outcrops that is compensated
by the signal related to the changes in spice. Hence, the analysis masks the effects of
wind and freshwater changes, which do leave a change on depth coordinates. In order
to better address the impact of freshwater flux and wind changes the decomposition
into the pure processes according to Bindoff and Mcdougall (1994) is applied.

Pure warming, pure freshening and pure heave

Bindoff and Mcdougall (1994) proposed the three ventilation processes of pure warming,
pure freshening and pure heave which provide a kinematic approach to approximate
the contributions of the three surface forcings: heat flux, freshwater flux and wind
stress.

The pure warming process represents a change in the ocean temperature across the
ocean-atmospheric interface without changes in the freshwater flux and wind stress curl
(Bindoff and Mcdougall 1994; Bindoff and McDougall 2000). The surface warming
causes changes in density, where a water parcel previously of a given density (ρ1)
now subducts on a less dense surface (ρ2). This displaces the water column, between
the surfaces ρ1 and ρ2, which moves slightly downward without any change in the
total volume and subduction rate (Fig. 3.3a). As a result of no changes in salinity
of the subducted water parcel, the volume averaged salinity of water column also
remains unchanged; whereas the subducted parcel experiences an increase in volume
averaged potential temperature on depth surfaces. Hence, surface warming followed
by subduction is similar to a scenario where thermocline parcels experience warming
at a given depth without salinity changes.

To describe one of the cases, on the θ − S diagram (Fig. 3.3a), the water parcel in
position 1 has a salinity and temperature of θ1-S1, which on warming, moves to position
2, θ2-S1, without any change in salinity (S ′|z) but experiences an increase in potential
temperature (θ′|z). Interpreting on density surfaces, a parcel 1 which would have
subducted on density level ρ1, due to warming followed by subduction, will now subduct
on a lighter density level ρ2 (Fig. 3.3a, parcel 1 moved to position 2). This results in
cooling and freshening of the parcel compared to another parcel at the same density
surface ρ2 (parcel 2 is cooler and fresher than parcel 3).

Similarly, in a pure freshening process, the freshwater flux changes while the heat
flux and the wind-stress curl remains constant. That means in freshening followed
by subduction, the volume averaged salinity changes while the potential temperature
is held constant. For example, with freshening, a parcel is subducted along a lighter
density surface and the subducted parcel will now have a fresher and cooler profile than
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Figure 3.3: Schematics of processes redrawn from Bindoff and Mcdougall (1994). The parcel
1 in (a) upon warming acquires the properties at point 2, with no changes in salinity, moving
to a density level same as parcel 3 and becoming cooler and fresher, in (b) a similar case for
pure freshening where parcel moves to position 2 with no change in θ, however, becoming
cooler and fresher than the parcel at 3.

another parcel of the same density surface with no change in potential temperature
(parcel 2 is cooler and fresher than parcel 3, Fig. 3.3b). These two cases show that
the pure warming and pure freshening processes can result in indistinguishable signals
along density surfaces. However, the difference in their relationships on depth-related
and density surface-related changes can help in distinguishing the processes.

In case of a pure heave process, unlike the pure warming and pure freshening process,
the isopycnal positions change without any change in the water mass properties. This
can be a result of the changes in the rate of subduction, eddies, or circulation changes
(Bindoff and Mcdougall, 1994) that are driven by wind-stress curl changes. Thus,
pure heave results in no visible changes in the θ-S diagram but causes a change in
salinity or temperature at a constant depth level. The detailed description of the
three ventilation processes is given by Bindoff and Mcdougall (1994). Below given
mathematical equations taken from Bindoff and Mcdougall (1994) demonstrate the
pure warming, pure freshening and pure heave processes and how to find the related
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salinity changes.

The salinity and temperature changes on depth levels can be expressed in terms of
their changes on isopycnals (θ′|n, S ′|n) and changes due to isopycnal movement (N’θz,
N’Sz),

S ′|z = S ′|n −N ′Sz
θ′|z = θ′|n −N ′θz

(3.7)

For a pure warming process, change in salinity on depth levels is zero, hence,

βS ′|z = 0

βS ′|n = N ′βSz

αθ′|n
αθ′|z

= −(Rρ − 1)−1

(3.8)

where Rρ is the stability ratio given by Rρ = αθz/βSz . α and β are the thermal
expansion coefficient and the haline contraction coefficient, respectively.

The pure freshening process is defined as

αθ′|z = 0

αθ′|n = N ′αθz

βS ′|n
βS ′|z

= −(1−R−1

ρ )−1

(3.9)

The pure heave process is defined as

αθ′|n = βS ′|n = 0

βS ′|z = −N ′βSz
αθ′|z = −N ′αθz

(3.10)

The details of each of these equations are given by Bindoff and Mcdougall (1994).
Putting together the mathematical formulations of the above three processes 3.8, 3.9,
3.10 into a matrix form gives:

ρ−
1
ρ′|z

Rρ − 1



−(Rρ − 1) 0 −Rρ

1 Rρ 0

Rρ Rρ Rρ

0 (Rρ − 1) −1
1 Rρ 0

1 1 1


AwAf
Ah

 =



αθ′|z
αθ′|n
N ′αθz
βS ′|z
βS ′|n
N ′βSz


(3.11)
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where Aw ρ−
1
ρ′|z, Af ρ−

1
ρ′|z, Ah ρ−

1
ρ′|z gives the contribution of the in-situ density

change due to warming, freshening and heave processes. The terms on the rhs of
the equation are called "observable" quantities. These quantities are the temperature
and salinity changes on density and depth levels along with their heave components.
From the equations 3.7 - 3.10 it is clear that they are dependent variables and only
provide two independent sets of information. Hence, this linear system of equations
is rank deficient with rank 2 and therefore underdetermined. The three processes can
be determined using inverse methods following Bindoff and Mcdougall (1994) and the
system is solved using the singular value decomposition (SVD) method. The SVD is
performed at each grid point of the global ocean and then the zonal average for each
ocean basin is calculated.

On solving the above equation (3.11) and obtaining the density changes (ρ−1
ρ′|z),

corresponding to each process (i.e., Aw ρ−1
ρ′|z, Af ρ−

1
ρ′|z, Ah ρ−

1
ρ′|z), I calculated the

change in salinity on the depth and density levels for pure warming, pure freshening
and pure heave. For pure warming, the change in salinity on depth levels is zero as
pure warming cannot cause salinity changes on pressure/depth surfaces. Therefore,

S ′|z = 0 (3.12)

The spice contribution of pure warming is given by:

S ′|n =
Aw(ρ

−1ρ′|z)
β(Rp − 1)

(3.13)

The salinity changes in depth and density levels due to pure freshening are given by:

S ′|z =
Af (ρ

−1ρ′|z)
β

(3.14)

S ′|n =
Rp Af (ρ

−1ρ′|z)
β(Rp − 1)

(3.15)

Determination of salinity changes due to pure heave will help to distinguish the contri-
butions by changes in wind, circulation changes, eddies etc from total heave (Equation
3.5) which includes effects of warming and freshening. The salinity changes in depth
levels due to pure heave are given by:

S ′|z =
−Ah(ρ−1ρ′|z)
β(Rp − 1)

(3.16)
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Chapter 4

Mechanisms for salinity change in the
global ocean under global warming
conditions1

4.1 Introduction

In this chapter, we investigate mechanisms that drive salinity changes at surface and
subsurface levels under the high emission RCP8.5 forcing scenario of the MPI-ESM-
MR. Studies performed in Coupled Model Intercomparison Project Phase 3 (CMIP3)
and Phase 5 (CMIP5) indicate that, under global warming conditions, the subtropics,
which historically are net evaporation dominated regions, could become more saline in
the future; and the tropics and the high latitudes which are precipitation dominated
regions could freshen towards the end of the 21st century (Terray et al. 2012; IPCC
Report Chapter 12). The surface freshwater flux (FWF) changes play a significant role
in long-term surface salinity changes (e.g. Lagerloef et al. 2010; Durack et al. 2012).
However, dissimilarities in the projected SSS changes with respect to the freshwater
forcing in a CMIP5 study by Levang and Schmitt (2015) show the significance of
ocean processes in setting the long-term salinity response. In addition, the warming
of the global ocean in recent decades has gained much attention in salinity studies.
The previous studies suggest that surface warming has played a significant role in the
multidecadal subsurface salinity changes in the global ocean (Durack and Wijffels 2010;
Lago et al. 2016).

Durack and Wijffels (2010) used observational data and analysed subsurface salinity
changes, for 1958 through 2005, in a neutral density framework. In their study, a
significant shift in the isopycnal outcrops of the subtropical oceans was associated with
the broad-scale ocean warming. As a result, the fresh or salty water at new outcrop
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locations gets subducted into the subsurface levels by mean wind-driven subduction
(Ledwell et al. 1993; Drijfhout et al. 2013). The authors suggest that the observed
changes in subsurface salinity on isopycnals are not only driven by the surface FWF
changes but also by the poleward shift of surface isopycnal outcrops resulting from
surface warming alone. Moreover, the study of Lago et al. (2016) shows that changes in
subsurface salinity could only be explained by both surface salinity changes and surface
warming. In their idealised experiments, the authors varied surface temperature and
salinity to analyse the associated subsurface changes observed in salinity. The study
shows that present-day surface salinity changes act as a primary driver on depth level
changes and surface warming, which causes a lateral shift of isopycnals, act primarily
on density level changes. An increase in surface temperature and an amplification of
salinity patterns were found to act almost linearly on subsurface salinity changes, given
that changes in wind and circulation are negligible. In short, there are several studies
that associate SSS changes with an intensification of the global water cycle (Durack
et al. 2012; Rhein et al. 2013b; Skliris et al. 2014) and long-term changes in ocean
salinity with the global warming signal (Curry et al. 2003; Boyer et al. 2005; Hosoda
et al. 2009; Helm et al. 2010; Pierce et al. 2012; Zika et al. 2018).

However, the global ocean salinity changes are driven by a combination of the surface
forcings of FWF, heat flux and wind-stress. A shift in outcrop location can result
from a deepening of the isopycnal surfaces, which can result from all the three surface
forcings. Although Durack and Wijffels (2010) and Lago et al. (2016) show the impor-
tance of a warming-induced poleward shift of isopycnal outcrops on salinity changes,
their approach does not entirely resolve the surface forcing contributions, especially for
the changes in wind-stress. The changes in wind-stress contribute to salinity changes
by affecting ocean currents and thereby changing the circulation. While wind-stress
related density changes dominate the changes in ocean heat content and salinity on
inter-annual or decadal time scales, they play only a secondary role on multidecadal
time scales (Häkkinen et al. 2016; Durack and Wijffels 2010). Moreover, on multi-
decadal time scales, along with warming and wind-stress changes, a substantial change
in freshwater forcing could also contribute to the isopycnal movement.

Therefore, it is still unclear how exactly changes in each of these surface forcings con-
tribute to salinity changes on the depth and density levels, especially under the global
warming scenario. This chapter investigates the mechanisms driving the global ocean
salinity changes under global warming. Subsequently, we identify the major drivers
and their contributions to the projected salinity changes. We achieve this objective by
using Bindoff and Mcdougall (1994) (BM’s) approach of pure warming, pure freshen-
ing and pure heave processes (described in chapter 3, section 3.3.2), which we think
is currently the best available approach to quantitatively estimate the contributions
from the FWF, heat flux and wind-stress changes on a subsurface level. Hence, decom-
posing the total salinity changes, "total salinity" in the following, on the subsurface
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depth and density levels to contributions from each of these processes will signify the
impact of the corresponding surface forcings. Additionally, using the RCP8.5 scenario
provides us with a strong signal, which gives a magnified perspective of the respective
surface forcing contributions, especially of wind-stress, which is otherwise weaker in
the current state of ocean warming.

4.2 Projected changes in SSS and freshwater flux

The relationship between the future SSS changes and the respective changes in FWF
differs with ocean basin under the RCP8.5 scenario (Fig. 4.1), similar to the CMIP5
study of Levang and Schmitt (2015), specifically for the Pacific and Indian oceans.
However, for the Atlantic Ocean, an increase (decrease) in zonally averaged SSS con-
cur with a decrease (increase) in FWF. The lack of correspondence between SSS and
FWF changes in the Indo-Pacific region strongly points to mechanisms for salinity
changes other than surface freshwater forcing. Moreover, at some latitudes, we observe
strong local anomalies in FWF changes, specifically near the Equator and 10 ◦S in the
Atlantic Ocean. These variations could be due to strong latitudinal FWF changes in
the eastern border of the tropical Atlantic which mark a river outlet and high pre-
cipitation zone. The SSS changes in the Indo-Pacific, which often show no apparent
relation to the corresponding FWF changes, illustrate the existence of a more complex
relation between salinity and surface FWF changes.

The projected spatial SSS changes of the MPI-ESM-MR (Fig. 4.2 a) are reasonably
consistent with the projected SSS changes from 31 CMIP5 models shown by Levang
and Schmitt (2015) in their Figure 3. The FWF, accumulated over decades, should
have led to an extensive freshening of the western equatorial Pacific. However, this
is not the case, affirming that, in a quasi-stationary balance the changes in oceanic
processes must also play an essential role in regulating the salinity. Respective SSS
and FWF changes are discussed in the following by basin.

4.2.1 Atlantic Ocean

The Atlantic Ocean exhibits significant SSS changes in the subtropics and tropics of
both hemispheres over the 21st century, following a similar spatial pattern as the surface
FWF anomalies. The tropical east Atlantic shows a decrease in SSS which is consistent
with the slight increase in the FWF (Fig. 4.2 b) and with the E-P changes in this region
which show increased precipitation over land and coastal regions (not shown). The
increased freshening of the northern North Atlantic and the Arctic regions corresponds
to a increase in FWF in the region. However, a substantial salinity decrease in this
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Figure 4.1: Zonally averaged SSS (red) and FWF (blue) changes (positive into the ocean)
shown separately for the Atlantic and Indo-Pacific basins as the change of the means over
the historical period (1986-2005) to the RCP8.5 period (2081-2100). Units of SSS in psu and
FWF in 10−6 kg m−2 s−1). Results are shown separately for (a) the Indo-Pacific and (b) the
Atlantic Oceans.

region suggests the role of other processes. However, the freshening anomalies in this
region could result from a decrease in deep convection. A decrease in deep convection
can result from a weakening of the overturning circulation, which can affect the mixing
of the fresh surface waters into deeper layers and result in their accumulation at the
surface (Häkkinen, 2002). Since a weakening of the Atlantic meridional overturning
circulation (AMOC) is evident in a global warming scenario (Sévellec et al. 2017; Caesar
et al. 2018), likely, this explanation also holds in our case. Moreover, the subpolar North
Atlantic freshening extends southward where it enters the North Atlantic subtropical
gyre by the southward Ekman transport.

4.2.2 Pacific and Indian Oceans

For the western equatorial Pacific Ocean, the figure reveals a consistent and distinctive
freshening to take place over the next century. Already over the past decades, this
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Figure 4.2: (a) SSS changes (psu) and (b) FWF changes (10−6 kg m−2 s−1) of RCP8.5 period
relative to historical period (1986-2005). Salinity values less than twice the standard deviation
of respective control runs are not shown.
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region of warm and fresh waters has experienced a freshening due to warming-induced
increase in the mean hydrological cycle (Cravatte et al., 2009) which Terray et al.
(2012) partially attributed to anthropogenic influence. Projected FWF changes in
this region are even more substantial (Fig. 4.2 b). Accumulated over decades, they
should lead to extensive freshening in the western equatorial Pacific; however, this
is not the case, suggesting that strong compensating effects must play an important
role. We also note a noticeable freshening extending further north and south of the
western equatorial Pacific (Fig. 4.2 a). Huang et al. (2005) explained this by a poleward
drift of anomalous surface waters in this region by the mean divergent Ekman flows
near the Equator. Hence, the advection of western tropical Pacific fresher anomalies
towards the east may explain the simulated significantly negative SSS anomalies in the
subtropical gyres of the southern and northern hemispheres despite the decrease in the
FWF (Fig. 4.2).

The changes in the Indian Ocean basin remain smaller than those seen in the Pacific or
the Atlantic Ocean basins with no clear local correspondence between the SSS and sur-
face FWF changes present. One consistent feature over the 21st century is the negative
SSS anomalies in the eastern tropical Indian Ocean which appear uncorrelated with
significantly negative surface FWF anomalies there. Instead, the western equatorial
Pacific serves as a source region of the Indonesian Throughflow (ITF) water commu-
nicated via a freshwater transport through the ITF (Valsala et al., 2011). Gupta et al.
(2016) suggests a decrease in the ITF strength by approximately 1 to 6 Sv in future
projections of CMIP5 models (including MPI-ESM-MR). However, with a strong de-
crease in FWF anomalies in the east one must expect a strong advective process in
play to see the observed decrease in SSS changes. Hence, we can consider both changes
in salt advection and the decrease in SSS in the western equatorial Pacific play a role
in the freshening of the eastern tropical Indian Ocean.

4.3 Surface salinity amplification

To express the amplification of salinity changes quantitatively, we calculated the pat-
tern amplification (PA) introduced by Durack et al. (2012). The PA is defined as the
slope of a linear regression of zonal mean of SSS changes versus SSS climatological
mean anomaly from the global mean SSS. To be consistent with Durack et al. (2012),
the high-latitude (>65◦) and marginal seas are not included in the zonal average of the
global basin due to the strong influence of local variabilities in such regions. Under
RCP8.5 run, our study reports an 18% PA with a correlation (R) of 0.73 to occur
over 115 years (1986-2100) (Fig. 4.3 a), in comparison with Durack et al. (2012) who
reported an 8% PA over 1950-2000. The correlation value is almost the same as the
correlation reported by Durack et al. (2012), which is ∼0.7. This change in PA could
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be a result of strong multidecadal SSS changes projected in the RCP8.5 period over the
weaker SSS changes in 1950-2000 reported by Durack and Wijffels (2010). The salin-
ity PA result suggests that the ocean under global warming experiences a large SSS
amplification, with a high R value suggesting that the SSS change reasonably matches
the mean climatological SSS pattern.

Figure 4.3: (Left) SSS changes (S’) between the RCP8.5 and historical period (y axis) against
the SSS mean anomaly (y axis). (Right) FWF (FWF) changes versus FWF mean anomaly.
The correlation (R) and pattern amplification (PA) are also provided.

The SSS PA value in our study is similar to the study performed by Zika et al. (2018),
where they reported a ∼13-15% PA in the SSS forced by changes in the water cycle,
surface warming and ice mass loss by the end of a 100-year model simulation. They
claim that approximately half of the SSS amplification during 1957-2016 is due to
surface ocean warming, which causes a stable stratification (Kara et al. 2003). In their
experiments, a stable stratification, which inhibits the deepening of the mixed layer
(ML) (Capotondi et al. 2012), is primarily driven by surface warming rather than
freshwater forcing. In our study, we observe a shoaling of the ML in most of the global
ocean during the RCP8.5 period (Fig. 4.5). Since in CMIP5 model projections, an
increase in temperature is the dominant contributor to the increase in buoyancy flux
(Levang and Schmitt 2020, Figure 1), a shoaling seen in most parts of the global ocean
in our study can be associated with surface warming, except in the subpolar North
Atlantic (Levang and Schmitt 2020).

Therefore, a global mean SST change of ∼2.3 ◦C in the RCP8.5 run (Fig. 4.4) could be
causing the shoaling of the ML in most of the global ocean during the RCP8.5 period
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(Fig. 4.5). It is challenging to deduce the quantitative contribution from warming in
our case.

Figure 4.4: SST anomalies (◦C) in the RCP8.5 period relative to the historical period. Values
less than twice the standard deviation of the control run have been masked.

Figure 4.5: The maximum (winter) mixed layer depth (MLD) differences in meter between
the RCP8.5 and historical period.

However, if we were to roughly estimate the warming contribution, Zika et al. (2018)
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claims that surface warming during 1957-2016, roughly 0.5 ◦C increase (Durack and
Wijffels 2010), causes a SSS PA of around 2%. Assuming that the changes are linear
over the projected scenario, the surface warming may contribute to a SSS PA of around
9.2%, which is approximately half of the total SSS PA of 18%. This suggests that the
warming-related SSS amplification would not change in the projected climate.

We calculated the PA for FWF changes, and for a global surface warming of ∼2.3◦C,
the FWF amplification is 19% (R=0.83), which would be ∼8%◦C−1 and is close to the
water cycle amplification predicted according to the CC relationship (∼7◦C−1). For
a similar water flux amplification in Durack et al. (2012), the SSS PA derived from
a CMIP3 ensemble was double the value of the water flux PA. However, because we
estimated an almost one-to-one ratio for the global zonal mean SSS PA and FWF PA,
the changes in each ocean basin perhaps could explain this difference. Although all
three ocean basins, the Atlantic, Pacific and Indian oceans, experience an amplifica-
tion, the SSS changes in the Pacific and Indian Oceans are much weaker than in the
Atlantic Ocean, which experiences the most substantial SSS changes (Table 4.1). The
R value in the Pacific Ocean denotes a weak correlation of the SSS changes to the mean
climatological SSS of the basin. This could be a result of the subtropical Pacific and
east Indian Oceans experiencing a decrease in SSS despite a decrease in FWF, thus
pointing to a significant role played by the other oceanic processes in these regions.

PA (R) Global Atlantic Pacific Indian

SSS 18 % (0.72) 31 % (0.88) 9 % (0.54) 9 % (0.79)
FWF 19 % (0.83) 18 % (0.68) 20 % (0.72) 11 % (.54)

Table 4.1: SSS PA for each ocean basin. The correlation coefficient (R) is given in brackets.

4.3.1 Near-surface salinity adjustment processes

For long-term changes in the ocean salinity, the tendency term in the balance equation
can be considered small and a balance reflecting only changes in the surface FWF,
oceanic advection and mixing can be considered. Previously, several studies have doc-
umented the importance of oceanic advection on observed regional salinity changes
(Johnson et al. 2002; Rao and Sivakumar 2003; Bingham et al. 2010) and the domi-
nance of E-P on salinity changes in the ITCZ regions (Cravatte et al. 2009; Bingham
et al. 2010). Under the hypothesis that mixing is not changing substantially, we first
consider in Fig. 4.6 only the contribution to the freshwater balance term from the
freshwater advection flux changes and the FWF changes given in Fig. 4.2 b.

The tropics and most of the subtropics show a reasonable balance between the changes
in the advective and surface FWF terms (Fig. 4.6 a and Fig. 4.2 b). Note that the
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Figure 4.6: (a) Total freshwater advection flux changes. The components of the total fresh-
water advection flux given by (b) the freshwater advection changes due to changes in the
near-surface salinity over-contoured by the SSS changes (solid lines are positive and dashed
for negative values) and (c) the freshwater advection changes due to changes in the ocean
currents. Units are in 10−6 kg m−2 s−1.
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balance was calculated for the upper 122.5 m, which includes the layers below the ML
for most of the tropics and subtropics. The vertical transport associated with an intense
mixing in the ML is therefore mostly excluded in this region. Consequently, at latitudes
higher than 40 ◦ poleward, the advection signal significantly exceeds the surface flux
term, suggesting a significant additional contribution from mixing processes. In the
following, we will focus on the latitudes equatorward of 40 ◦ where this simple balance
between the advective and surface FWF terms holds.

If changes to the balance are primarily driven by changes of the surface FWF as
hypothesized by the expectation of using salinity as a rain gauge, the changed surface
flux is expected to build up salinity changes which modify the advection term until
it balances the contribution from a changing FWF. However, additional changes in
the circulation driven by wind and heat flux changes interfere and lead to changes in
magnitude of ocean currents. To evaluate the importance of these mechanisms, we
split the advection changes into three contributions, one due to changes only in the
circulation, the second due to changes in only salinity and a term with changes in
salinity and ocean currents. The third term turns out to be small (not shown) and
the remaining first two terms are of similar size and are equally relevant for the total
advective transport of freshwater (Fig. 4.6b,c). Both terms are often anti-correlated
rather than complementary. The negative signal of the total advection changes in
the subtropics most consistently is related to surface salinity changes. This supports
the simple idea of the increasing contrast between relatively salty and relatively fresh
regions associated with the enhancing hydrological cycle will enhance the transports.
The anti-correlation of the signal suggests that salinity changes are also partly driven
by circulation changes. Assuming that circulation changes driven by FWF changes
are smaller than those driven by wind and heat flux changes (Gregory et al., 2016),
we can rationalise the SSS changes in the tropics and subtropics as those changes in
SSS that are necessary to create advection fluxes that can balance the combination
of the surface flux (Figure 4.6 a) and the changes in advection related to circulation
changes (Figure 4.6c). However, in some regions, for instance, the positive signals in
the tropical southern hemisphere, circulation changes balance surface flux changes and
therefore require smaller SSS changes.

4.4 Subsurface salinity changes

The vertical averages over different depth ranges (Fig. 4.7a−d) and zonally averaged
(Fig. 4.7e−g) salinity changes down to 2000 m depict that subsurface changes occur
mostly in the upper 500 m, which closely resemble the spatial pattern of the SSS
changes (Fig. 4.2a). The subtropical North Atlantic is the only basin where significant
subsurface salinity changes reach as deep as 1200 m. The Pacific Ocean experiences
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Figure 4.7: Left panel: Salinity changes (psu) between the RCP8.5 period (2081-2100) and his-
torical period (1986-2005) averaged over four depth levels (a) surface−500 m, (b) 500−1000 m,
(c) 1000−1500 m, and (d) 1500−2000 m. Note that the values from 1000−2000 m depth (c, d)
are shown at half the scale of the upper 1000 m (a, b). Right panel: Zonal average of subsurface
salinity changes between the RCP8.5 period (2081−2100) and historical period (1986−2005)
of the model data in (e) the Atlantic Ocean, (f) the Pacific Ocean and (g) the Indian Ocean
basins. Values have been masked that are below two times the standard deviation of the
control run.
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an almost basin-wide freshening in the upper 500 m with a slightly positive signal
in the southern subtropical gyre. The upper ocean of the subtropical South Indian
Ocean experiences a decrease in salinity, similar to that at the surface, extending down
to a depth of 700-900 m. This decrease is different from the increase in salinity the
region has experienced during the period from 1950s to 2000s (Durack and Wijffels
2010; Skliris et al. 2014). As the surface changes here correspond to a positive surface
freshwater forcing, freshening in those intermediate depths must have resulted from
the subduction of these lower surface salinities, which is supported by an increase in
the Ekman pumping velocities (Fig. 4.8b) in these latitudes which can drive the fresher
surface waters into the interior.

Figure 4.8: (a) Changes in the wind-stress curl (10−7 N m−3) and wind-stress (10−2 N m−2),
(b) changes in the Ekman pumping velocity (10−6 m s−1). The zero wind-stress curl for the
RCP8.5 (black) and historical (magenta) periods are overlaid on (b).

The Atlantic Ocean experiences the largest subsurface salinity changes, in comparison
to the Pacific and Indian oceans, under the RCP8.5 scenario, especially in the northern
subtropical latitudes. The subtropical increase in salinity corresponds to an increase
in SSS, which can be caused be increasing evaporation due to ocean warming (Curry
et al. 2003). A majority of the increase in the upper 500 m of the subtropical gyre
focuses on the western North Atlantic (Fig. 4.7 a), where the winter ML reaches a
depth of 300−350 m (Fig. 4.5). Together with an equatorward extension of the salinity
maximum (35 ◦N and 400 m; Fig. 4.7 e), due to subduction and circulation of these
saline waters in the subtropical gyre, resulted in the salinification of the upper 500 m
of the subtropical North Atlantic. Hence, the salinity change observed in these lati-
tudes, at around 300−600 m depth, could be driven mainly by an intense near-surface
salinification due to a substantial decrease in surface FWF over the subtropical North
Atlantic. The significant salinity changes in the subtropical North Atlantic extends
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to a depth of approximately 1200 m, between the latitudes 30 ◦N-50 ◦N (Fig. 4.7 e).
Boyer et al. (2005) observed a similar but weaker positive salinity trend in the North
Atlantic during 1950-2000, extending down to a depth of 1500 m, which was connected
to a possible outflow of Mediterranean waters that are increasing in salinity (Béthoux
et al. 1998).

A similar case holds true for the salinity increase from 500 m and downwards and could
be associated with salinity changes in the Mediterranean Outflow Waters (MOW). The
figure 4.9 shows the vertical profile at 36 ◦N, where the high saline Mediterranean wa-
ters enter the North Atlantic. Fig. 4.9 c demonstrates an upward shift in the MOW
saline waters resulting in fresher water beneath (below 1100 m) the high saline signal.
Alongside, the westward flowing component of the MOW extends further westward in
the RCP8.5 scenario compared to the historical period giving rise to the maximum
salinity west of the outflow region centred around the depth of 700 m. This character-
istic shift in MOW was reported by Thorpe and Bigg (2000). They found a reduction
in salinity projections at depths of 1000−1500 m and an increase in salinity between
500-1000 m. Their study connected the shallowing feature of the MOW to a reduction
in the density of the Mediterranean water owing to anthropogenic warming (Thorpe
and Bigg, 2000). With a strong ocean warming in the RCP8.5 run, it is plausible that
their warming explains the upward shift in MOW in our study. This upward shift in
MOW could also justify why a strong signal is present in the 500−1000 m of the North
Atlantic subtropical region.

Figure 4.9: The depth-longitude section of (a) salinity (psu) in the historical, (b) salinity
(psu) in the RCP8.5 and the (c) changes in salinity (RCP8.5 minus Historical) at 36 ◦N in
the North Atlantic.

The subpolar and eastern subtropical North Atlantic experience intense freshening at
the surface (Fig. 4.2 a) down to a depth of 150 m (Fig. 4.7 a, g). This fresh signal,
extending to the eastern subtropical latitudes, is projected by many CMIP5 models
(Fig. 2.2) (Levang and Schmitt 2020). The strong fresh signal in the subpolar North
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Atlantic is limited to the upper layers, which is mostly in the ML, after which the
signal becomes extremely weak (Fig. 4.7 e). This sudden weakening can be connected
to a decrease in deep convection as already mentioned in the section 4.2 for projected
surface changes (Häkkinen, 2002). The distinct saline-fresh partition at the surface
(Fig. 4.2 a) continues in the subsurface levels supporting the impact of a weakened
AMOC. The freshening noticed in the higher northern latitudes (> 40 ◦N) is not an
observed feature in many observational studies (e.g. Durack and Wijffels 2010; Skliris
et al. 2014), but there has been a large addition of freshwater into the northern North
Atlantic since the 1960s (Dickson et al. 2002; Curry and Mauritzen 2005) from ice
melting and increased freshwater from river inflow, which supports the positive FWF
projected in this region and therefore the decrease in salinity.

The changes in the rest of the Atlantic are also large, but relatively weaker than the
subtropical North Atlantic. The South Atlantic subsurface salinity changes, which
corresponds to the positive SSS changes, are larger in the ML and gradually weaken
below the ML. Additionally, we notice a slight freshening at 30 ◦S over a depth range
of 300-600 m, which could be related to the Agulhas leakage. The South Atlantic
Ocean receives saline waters from the Indian Ocean via Agulhas leakage, the part of
the Agulhas Current that enters the South Atlantic (Gordon et al. 1992; De Ruijter
et al. 1999). Few studies have established that the sources of the Agulhas Current are
dominated by the south-west "subgyre" of the South Indian Ocean, which extends to
65 ◦E (Harris 1972; Stramma and Lutjeharms 1997), and not by the east Madagascar
Current (Lutjeharms, 1988) or the Mozambique Current (Sætre and Da Silva, 1984).
Hence, with a freshening of intermediate water masses in the South Indian subtropical
gyre (Fig. 4.7 a), the fresher waters get transported to the South Atlantic via the
Agulhas leakage. Once the Benguela Current picks up these fresher waters, they enter
the subtropical gyre of the South Atlantic Ocean (Fig. 4.7 b, c). The fresh signal is
weaker further down (1000-1500 m) but persists in the eastern South Atlantic region.

In comparison with the Atlantic Ocean, the Pacific and Indian Oceans experience much
weaker subsurface salinity changes, especially below 500 m where changes are quite
unremarkable. Much of the freshening in the upper 200 m of the subtropical North
Pacific Ocean occurs in the winter ML. The increased SST (Fig. 4.4) and freshening of
the surface subtropical North Pacific create stable stratification and hence a shallower
mixed layer, which could likely be a driving factor for the near-surface freshening. The
freshening signal extends further down to 500-600 m, and the equatorward slope of
the fresh signal depicts an equatorward propagation of the subducted subtropical gyre
waters (Fig. 4.7 a, f).

The South Pacific and South Indian oceans experience a freshening of the intermediate
levels, albeit weaker for the Pacific. The study of Wong et al. (1999) reported a similar
freshening of the Pacific and Indian intermediate waters. The intermediate freshening
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in their study was attributed to an increase in precipitation in the source regions of
AAIW (centred around 800 m) and North Pacific Intermediate Water (NPIW; centred
around 500 m). The precipitation was estimated to have increased by 31 mm yr−1

between the latitudes 55◦ and 65◦S, which was three times more than the increase
estimated by coupled models for the same period. In addition, a decrease in salinity
of AAIW alongside an increase in salinity in the upwelling Circumpolar Deep Water
was to an increase in the northward transport of the Antarctic sea-ice by Haumann
et al. (2016). From these studies it can be presumed that increase in the surface
FWF in the high-latitude southern oceans in our study (Fig. 4.2 a) could drive a
freshening of the intermediate waters (Fig. 4.7 f, g). However, the South Indian Ocean
also experiences surface freshening north of the source region. Therefore, it is possible
that the subsurface freshening here may be a direct result of this surface freshening,
especially as the subsurface signal can be seen connecting to the surface (Fig. 4.7 g).

The subsurface salinity changes below the ML are a combination of changes that oc-
curred from changes in the θ−S relationship and changes due to changes in the isopy-
cnal movement. As explained before, these changes are driven by changes in surface
forcings. In order to distinguish contributions from the surface forcings and related cir-
culation changes, in the following section, we decompose the above-explained changes
in the subsurface salinity (Fig. 4.7 e, f, g) and examine different mechanisms associated
with the changes in different ocean basins.

4.4.1 Heave and spice

The total changes in subsurface salinity can be determined by decomposing changes into
changes along constant isopycnal surfaces and changes caused by isopycnal movements.
Any change in surface forcings can affect the density surfaces and lead to changes in
subducted water either by deepening or shoaling the isopycnal surfaces. Fig. 4.10 shows
the changes in depth of isopycnal surfaces for each ocean basin, where the positive
values correspond to deepening, and the negative values correspond to shoaling of
isopycnal surface. On multidecadal time scales, if there is a deepening throughout the
oceans, then it is very likely due to warming (Häkkinen et al., 2016), and circulation
changes play only a secondary role in these changes.

A deepening of the isopycnal surfaces can be a result of changes in temperature and
salinity and/or due to wind-stress changes. However, the wind-related heave changes
have a dominant impact on shorter time scales such as in seasonal, interannual or
decadal scales (Bindoff and Mcdougall 1994; Evans et al. 2017) and as already men-
tioned, play a weaker role on multidecadal time scales compared to warming. It is
assumed that the freshwater forcing drives weak isopycnal movement, which is later
confirmed in section 4.4.3. As a result, most of the isopycnal deepening and associated
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subsurface salinity changes were determined to be majorly driven by ocean warming
(Durack and Wijffels 2010).

Figure 4.10: Zonally averaged depth changes of constant neutral density surfaces in meter for
(a) the Atlantic Ocean, (b) the Pacific Ocean and (c) the Indian Ocean.

On the other hand, the changes along constant isopycnal surfaces, i.e. spice-related
changes, can occur from changes in temperature and salinity on isopycnals, hence,
associated with surface warming and FWF related changes together with ocean mixing.
We assume that wind-stress changes play no role in the spice changes. Therefore, as
the first step, partitioning the total salinity into heave and spice components isolates
surface buoyancy flux changes from wind-related changes in subsurface salinity changes.

Except for small regions near the surface and in tropical regions of the Pacific at a depth
of the equatorial thermocline, all ocean basins experience a deepening (Fig. 4.10). The
deepening in the transition from subtropical to subpolar regions entails due to the large
isopycnal slopes horizontal, i.e. poleward, shift of isopycnals which again entails the
poleward outcrop migration. Hence, we can assume that downward motion by warming
is a dominant cause for the motion of the isopycnals.

The zonal average of heave and spice components of salinity change are clearly anti-
correlated (Fig. 4.11). However, from a quick view of the zonal and depth average
of the upper 500 m given in Fig. 4.12, where the contributions are largest, the total
salinity signal marks a dominance by heave for the Atlantic Ocean, particularly in the
500-1000 m. For the Pacific and Indian Oceans, the total signal contribution appears
to be mainly from the spice component.

In the high latitudes, poleward of 40 ◦ North and South, the upper ocean experiences
freshening that is dominated by the heave component (Fig. 4.11 a, c, e). Most of the
heave signal here is compensated by the spice component, which is consistent with
warming.
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Figure 4.11: Zonally averaged salinity changes (psu) for (a,b) the Atlantic Ocean, (c,d) the
Pacific Ocean and (e,f) the Indian Ocean between the RCP8.5 (2081−2100) and historical
(1986−2005) period. Heave-driven changes are calculated and over-contoured with the isopyc-
nals (a,c,e). Changes in salinity analyzed on the neutral density surfaces (shown as contours)
and the spice signal mapped back to depth levels shown in (b, d, f) over-contoured with
climatological mean salinity. Note the break in depth axis at 500 m.
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Figure 4.12: Lines show the effects of zonally averaged total salinity (blue), spice (green) and
heave (red) on salinity (psu) between RCP8.5 (2081−2100) and historical period (1986−2005)
for Atlantic (top), Pacific (middle) and Indian Ocean (bottom) at 0−500 m depth (left panel)
and at 500-1000 m (right panel).

For the Atlantic Ocean, the total signal remains in the order of the heave and the
spice contributions (Fig. 4.11a,b and Fig. 4.7e). Notably, in the upper 100 m of the
subtropical gyres, the spice signal is responsible for the salinification in agreement
with the expected enhancement of the hydrological cycle. In the subtropical North
Atlantic, there is a possibility that the freshening dominated by heave (Fig. 4.12) has
a contribution from wind-driven changes. We notice a shift in the zero wind-stress
curl in the northern boundary of the North Atlantic subtropical gyre (Fig. 4.8b). This
shift is marked by a dipole-like structure in both the curl and Ekman velocity changes
(Fig. 4.8a,b). The resulting Ekman downwelling in the north of the subtropical gyre
suggests an increase gyre circulation due to a northward shift (Fig. 4.8b) that could
drive a deepening or poleward shift of the isopycnal surfaces in the subtropical gyre.
Hence, from the wind-related circulation changes and the heave domination in the
North Atlantic, there is a possibility that wind-driven changes play an important role
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in North Atlantic subsurface salinity increase.

The upper 500 m of the Pacific shows predominantly freshening. Although freshen-
ing also dominates in the heave contribution, as explained before, the signal is larger
and strikingly appears to a large extent anti-correlated with the spiciness contribution
(Fig. 4.11 c, d). This mainly occurs in the high-latitude of all ocean basins. Thus,
freshening appears when there is imperfect compensation, which renders the decom-
position as little useful for exploring the origin of the freshening. At surface, these
regions experience a surface warming of around 0.5 ◦C (Fig. 4.4), together with surface
freshening (Fig. 4.2 b). Apart from this, the increase in westerly winds in the southern
hemisphere pushes the fresher high-latitude waters further north by Ekman transport.
This could result in displacing the surface waters with fresher waters from southern
latitudes (Fig. 4.8 a, b).

A similar compensating effect is visible for the Indian Ocean, in which the compensation
is even more evident, leaving a small residual effect on the total salinity (Fig. 4.11e,f).
However, in the subtropical South Indian Ocean, centred around 30◦S, the negative
total salinity appear to be dominated by the negative spice component (Fig. 4.12). As
the positive heave-driven changes compensate with an increase in salinity, the freshen-
ing caused by negative spice dominates and leaves a freshening in the total salinity of
the subtropical South Indian Ocean.

The total subsurface salinity changes are pronounced in the upper 500 m of all the ocean
basins (Fig. 4.7 e, f, g). This is the case for the Pacific and Indian oceans (Fig. 4.12).
However, for the Atlantic, heaving component dominates below the depth of 500 m
(Fig. 4.12; Right panel). At 500−1000 m depth, the subtropics in both hemispheres are
dominated by heave-driven changes with positive spice signal, also adding to the total
salinity in the subtropical North Atlantic. The heave domination in 500-1000 m could
very likely be a result of gyre circulation changes or AMOC weakening or warming.
The patterns visible in heave and spiciness appear to have a strong signature of the
warming. As a result, this decomposition approach fails to identify or distinguish the
contributions from different surface forcings. This highlights the key problem with a
simple decomposition into heave and spice signals in determining the surface forcing
contribution and, therefore, the need to use Bindoff and Mcdougall (1994) approach
discussed in section 4.4.3.

4.4.2 Spiciness and water mass changes

As a consequence of heating playing a substantial role in salinity changes, heaving
and spiciness changes are largely coupled. This can be rationalized because isopycnal
migration leads to changes in the lateral positions of the surface density outcrops
affecting the characteristics of water transported into the subsurface of the ocean and
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thus influencing subsurface changes on isopycnals. The changes of the mean winter
surface isopycnal outcrops from the historical (1986−2005) to the RCP8.5 (2081−2100)
period (Fig. 4.13) show a large lateral shift in isopycnal outcrop locations, mainly
shifting poleward for which heating is the dominant cause. However, note that not all
migration changes are related to heating and not all spiciness changes are associated
with the associated change in outcrop position. In particular, changes of subducted
salinity are also driven by the temporal changes in SSS, including freshwater forcing
changes.

Figure 4.13: Surface winter density (kg m−3) outcrop (contours) of the historical (dashed
lines) and the RCP8.5 (solid lines) runs overlaying the mean salinity (psu) for the period
1986−2100.

In order to obtain migration and freshwater term related salinity changes, we calcu-
lated changes during the March and September when the subduction occurs in the
Northern and Southern hemispheres, respectively. This time selection facilitates a bet-
ter understanding of changes in the subsurface driven by the changes at the surface by
mean circulation. The isopycnal outcrop selection for the northern (March) and south-
ern (September) hemispheres are such that they include depths with largest changes,
which fall mostly in the upper 500 m. For presentation purpose, the outcrop values
of migration-driven and freshwater-driven changes are averaged for every 10 degrees
longitudinally.

Fig. 4.14 shows the salinity changes for March (left panel) and September (right panel)
from the RCP8.5 period relative to the historical period. The circles represent the
migration-driven salinity changes and the diamonds represent changes in SSS, includ-
ing the changes driven by the surface FWF changes, referred to as freshwater-driven
changes (Refer chapter 3, section 3.3.2).
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Figure 4.14: Salinity changes on isopycnal surfaces for March at (a) 23 kg m−3, (b) 24 kg m−3,
and (c) 25 kg m−3 and for September at (d) 24 kg m−3, (e) 26 kg m−3, (f) 27 kg m−3. Circles
represent contribution from migration-term and triangles represent freshwater-term.

In the Atlantic basin, the outcrops in the tropical and subtropical latitudes of the
North Atlantic (23 and 24 kg m−3) show positive changes in salinity, which appear to
be mostly freshwater-driven (Fig. 4.14 a, b), with some migration-driven dominance in
the 25 kg m−3 (Fig. 4.14 c). This most likely indicates that the spice change attributed
to an increase in the North Atlantic salinity, in the upper 100 m, is primarily driven
by a substantial freshwater forcing at the surface, and warming-related SSS changes
are negligible. Our result for the North Atlantic is in good agreement with Durack
and Wijffels (2010) wherein most of the isopycnal salinity changes were driven by the
freshwater component.

In the northern hemisphere, the isopycnal outcrop 23 kg m−3 of the North Pacific
shows exclusive freshening, which is not entirely consistent with the dominance of the
salinity increase visible in migration-driven changes (circles, Fig. 4.14 a). However, a
small part of this isopycnal, in particular the region of the largest salinity change, is
ventilated by the water near the strong negative migration signal off the west coast
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Figure 4.15: Changes in the surface salinity (psu) due to lateral migration of the isopycnal
outcrops. Solid lines are the winter isopycnals calculated from the seasonal climatology of the
data period (1986−2100).

of Baja California. A similar contribution coming from the freshwater-driven changes
at this location suggests that a freshening of the North Pacific is driven by partial
contribution from migration and freshwater-driven changes. However, in the South
Pacific, a salinity increase in the upper thermocline water masses and freshening of
mode water masses appear to be mostly migration-driven (Fig. 4.14 d, e). Moreover,
a freshening in the intermediate waters of the South Indian Ocean corresponds with
both freshwater and migration-driven changes at the outcrop (Fig. 4.14 e).

Given these migration-driven changes are largely from surface ocean warming, the
warming-related isopycnal outcrop migration appears to influence salinity changes on
isopycnal surfaces in the southern hemisphere more than in the northern hemisphere,
with an exception in the higher latitude isopycnal, 27 kg m−3 (Fig. 4.14 f), where
contributions are unclear. This could be due to the linearisation approach used in the
migration-driven salinity changes to calculate the horizontal shift (δy), which is more
in the northern hemisphere compared to the southern hemisphere. The meridional
outcrop shift, δy, has unrealistic or very high values especially in certain regions of the
tropical Pacific, the eastern part of the south and the north Pacific, the sub-tropical
north and south regions of the Atlantic and the Indian Oceans, a result of abrupt
change in gradients or due to large shifts in places where there are small gradients.
Fig. 4.15 shows migration-driven salinity changes at the surface between RCP8.5 and
the historical period. The regions where the migration of outcrops produces large
salinity changes are regions such as the ITCZ band of the tropical ocean and the
subtropical gyres. These are the regions near the maxima and minima of the density
because in those regions small changes in density lead to large horizontal migration.
In some regions, the concept of migration cannot be used as large positive signals exist
inside of areas with large negative signals. Therefore, the disadvantage of this would



52 Mechanisms for salinity change in the global ocean under global warming conditions

be that the migration-driven changes at a given surface outcrop could be overestimated
in magnitude.

The migration and freshwater driven changes do not correspond well in many regions
with the salinity changes on a given isopycnal surface, especially the regions away from
the outcrop location. For instance, an increase in salinity in the tropical latitudes
of the Pacific and Atlantic (e.g. Fig. 4.14 a, d, e), appears to be neither from the
migration-term nor freshwater-term. The outcrop mismatch is more evident in the
northern hemisphere than in the southern hemisphere due to large shifts in the density
outcrops (Fig. 4.13).

4.4.3 Salinity changes due to pure warming, freshening and
heave processes

The previous approach on decomposing the total salinity into heave and spice did not
separate the impact of surface forcing signals on salinity. As the warming signal is
masking the contributions on projected subsurface salinity changes, heave and spice
signals lack clarity on the surface forcing dominating in each ocean basin. Hence, in an
attempt to identify the contributions from warming, FWF and wind-stress changes, we
used the method of Bindoff and Mcdougall (1994) to link salinity changes to the three
processes, pure warming (PW), pure freshening (PF) and pure heave (PH), respectively,
by an inverse approach. The description and mathematical equations of each process
are provided in chapter 3, from which according to equation 3.12 to 3.16 the following
part of this section describes the contributions from pure processes on total salinity on
the depth and density levels.

The spice changes are a measure of salinity and temperature changes along a fixed neu-
tral density surface. Therefore, spice changes result from changes in temperature and
salinity, which could be connected to surface warming and FWF changes. By consid-
ering that the wind-stress changes do not create a modification in θ − S relationship,
thereby not affecting the changes along a given isopycnal surface, the spice changes
should explain the contribution from changes associated with surface FWF changes
and surface warming.

Therefore, the spice signal can be represented as a sum of the PF and PW signals
(Fig. 4.17 c, f, i). The PW process is defined such that it does not contribute to salinity
changes at constant depth levels. However, PW changes the ocean temperature, which
causes changes in the density field and thereby contributes to heave-related salinity
changes shown in Figure 4.16. The PF process also results in the density changes due
to changes in freshwater forcing and resulting redistribution of the freshwater. The
difference between salinity changes on depth and those on density (mapped back to
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depth) would give heave-related salinity changes (refer Eq. 3.5). With that in mind, the
similarity between PF salinity changes on depth (Fig. 4.18a) and PF salinity changes
on density (Fig. 4.17a) suggests that PF generates much less heave-related changes
compared to the other surface fluxes.

Figure 4.16: Zonal averages of heave contribution of salinity changes (psu) for pure warming
process (PW) for the (a) Pacific Ocean, (b) the Indian Ocean and (c) the Atlantic Ocean
basins.

The spice and heave contributions in the Atlantic Ocean are quite different from that
of the Pacific and Indian oceans. As already alluded to in the discussion of Fig. 4.11,
in the Atlantic Ocean, both PF and PH contribute to the increased salinity changes
seen in the near-surface and subsurface depth levels. The salinity increase between
100−200 m of the tropics and at 300 m of the western subtropical North Atlantic falls
in the mixed layer. Hence, as expected, the positive spice changes here associated with
PF (Fig. 4.17g) is connected to a substantial increase in the surface FWF. This is
also supported by our previous result on the dominance of freshwater-driven isopycnal
salinity increase in the North Atlantic over the migration-driven changes. The pure
heave and freshening processes also add to a freshening signal in the higher latitudes
of the Atlantic basin.

The Atlantic basin seems to be an exception compared to other basins since PH ap-
pears to contribute significantly to the subsurface salinity changes causing an increase
in salinity (Fig. 4.18h). These positive salinity changes in the North Atlantic seem
to be consistent with the local negative wind-stress curl and associated Ekman down-
welling in the Gulfstream and North Atlantic current (Fig. 4.8a,b). The North Atlantic
Current and the Gulfstream regions have experienced isopycnal deepening in the past
years (Häkkinen et al., 2016). Hence, the isopycnal deepening can be connected to a
strengthening of the currents in the northern limb of the subtropical gyre, which prob-
ably drive a large part of the salinity increase at around 40◦-50◦N. A similar change
in the South Atlantic associated with the positive wind-stress curl and Ekman down-
welling in the southern limb of the subtropical gyre could be linked to the PH related
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Figure 4.17: Zonal averages of spice contributions of salinity changes (psu) on isopycnal
surfaces (represented on depth levels) for the (a, d, g) pure freshening process (PF), (b, e,
h) pure warming process (PW) and spice signal given by PF+PW, in the (a, b, c) Atlantic
Ocean, (d, e, f) the Pacific Ocean and (g, h, i) the Indian Ocean basins.

salinity increase in the South Atlantic. However, a deepening of the isopycnals does
not exhibit a shoaling counterpart of similar magnitude, which is conflicting with the
expected response to changes in wind-stress. This could be because the system is solved
at every grid point for the global ocean without explicitly considering a constraint for
zero global integral for the wind-stress heaving in the PH process (Lyu et al. 2020).
In both hemispheres, the spice-related PF and PH together strengthen the subsurface
salinity increase of the subtropical Atlantic Ocean.

The spice component which dominates the freshening in the upper 500 m of the sub-
tropical North Pacific and the subtropical South Indian Ocean (Fig. 4.12) is dominated
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Figure 4.18: Zonal averages of depth contributions of salinity changes (psu) for the (a,d,g)
pure freshening process (PF), (b,e,h) pure heave process (PH) and (c,f,i) salinity changes on
depth given by PF+PH for the (a,b,c) Atlantic Ocean, (d,e,f) the Pacific Ocean and (g,h,i)
the Indian Ocean basins.

by the PF process (Fig. 4.17 a, d). The positive slope in the θ − S relation (Fig. 3.3;
Bindoff and Mcdougall (1994)) can explain the freshening of the subtropical gyres of
the North Pacific and South Indian Oceans by the PF process, in which a surface
freshening results in subducted water along an isopycnal to become cooler and fresher.
Both the North Pacific and South Indian Ocean experience a freshening at the surface
linked to an increase in surface FWF. Hence, there exists a good correspondence be-
tween the subsurface salinity contribution from PF and the increased freshening at the
surface (Fig. 4.2 a). The spice-related PW subsurface contribution corresponds with
migration-driven changes connected to warming; however, with weaker magnitudes.
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As discussed before, the migration-driven changes have larger longitudinal variations,
especially at the tropical and subtropical regions, so a zonal average could result in a
weak signal. Nevertheless, the spice-related changes of the subsurface oceans poten-
tially caused by lateral migration of isopycnals are compensated by the heave-related
PW changes, leaving little or no salinity signal on total subsurface changes. As a re-
sult, the PF process tends to be responsible for the subsurface freshening in the North
Pacific and South Indian Oceans.

On depth levels (Fig. 4.18), PF dominates a large part of the total salinity on depth
levels (Fig. 4.7 e, f, g) in all the ocean basins contributing to the subsurface freshening
in the tropical and subtropical North Pacific on depth levels. Since the subsurface
salinity in these regions shows a freshening, the PF contribution is consistent with the
subduction of the fresh surface signal. Moreover, a salinity increase in the subtropical
South Pacific can also be linked to the PF process. However, PH shows slight freshening
in the tropics and higher latitudes of Pacific and the tropical Indian Ocean. Therefore,
PH contributes little to any changes in salinity in these two ocean basins.

The dominant contribution to total salinity on depth levels (Fig. 4.7e,f,g) of all ocean
basins can be attributed primarily to the PF process. Pure heave plays a significant
role in the Atlantic Ocean along with PF in the salinity changes of the tropical and
subtropical Atlantic Ocean. The role PF plays in subsurface salinity changes corre-
sponds well with the surface FWF changes in the global ocean. This signifies the
importance of changes in the surface freshwater forcing on subsurface salinity changes
under a global warming scenario. However, it is essential to remember that this is an
underdetermined solution and does not provide us with an exact solution. In addition
to that, we have applied this approach to the 20-year mean changes during the RCP8.5
and historical period. Hence, it is important to understand that the results represent
contributions from a mean value of the changes related to each process, assuming they
act linearly.

4.5 Discussion and concluding remarks

This chapter summarised analyses of the projected salinity changes of the global oceans
in order to understand the impact of changes in surface forcings in a warming climate.
The MPI-ESM-MR projections, with the historical and RCP8.5 run, reveal that the
inter-basin contrast will increase strongly by the end of the 21st century. By that
time, the Pacific Ocean becomes fresher and the Atlantic Ocean becomes saltier in
comparison with the historical period. The surface change in MPI-ESM-MR salinity
agrees well with the CMIP5 model study by Levang and Schmitt (2015), which also
include MPI-ESM-MR. We find that, while the projected surface FWF and SSS changes
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show a good correspondence for the Atlantic Ocean, they do not correspond with each
other in most regions of the Pacific and Indian oceans. On calculating the SSS pattern
amplification (PA) defined by Durack and Wijffels (2010), we find an 18% PA in the
projected SSS with a correlation of 0.73 and a 19% PA of the surface FWF (R=0.83).
The SSS PA corresponds well with a study of Zika et al. (2018) where they find that the
surface forcings act almost linearly to produce such a PA in SSS (13-15%), with almost
one half of the amplification, during the period 1957 to 2016, attributed to surface
warming. Out of all three basins, the Atlantic Ocean exhibits the largest PA of 31%
with R value equals 0.88, whereas the Pacific and Indian Oceans have a 9% SSS PA.
Hence, the Atlantic ocean experiences the largest SSS changes in the projected ocean
warming climate that closely resembles the mean climatological SSS in the Atlantic.
The weaker PA and correlation in the Pacific in comparison to the Atlantic suggests
that SSS changes are not closely related to the mean SSS pattern, which highlights the
importance of other oceanic processes such as advection and mixing processes in the
long-term salinity changes of the near-surface ocean despite the warming and changes
in surface FWF.

Therefore, the resulting SSS changes cannot simply be rationalized as a result of the
accumulation of freshwater changes, but follow from a new balance between the per-
turbed FWF and advection changes. In the tropics and mid-latitudes, the existence of
such a balance could be demonstrated for a surface layer that includes the mixed layer,
while for higher latitudes, the necessary inclusion of the mixing processes complicates
the analysis. The advection term was decomposed into the contribution from salinity
changes and the contribution from circulation changes. The resulting anti-correlation
between these contributions reveal that near-surface salinity changes are also substan-
tially driven by circulation changes. This holds, particularly on smaller spatial scales.
However, the salinification of the subtropical regions most consistently is described by
the changes in the surface FWF.

Several studies (e.g. Durack and Wijffels 2010; Skliris et al. 2014) report significant
subsurface changes limited to the upper 500 m of the ocean. In a projected climate,
our study similarly projects significant subsurface salinity changes in the ocean basins
predominantly in the upper 500 m. While the Pacific and Indian oceans experience a
freshening in the subsurface depth levels, the Atlantic Ocean experiences a basin-wide
increase in salinity in the tropical and subtropical latitudes. A distinct positive salinity
signal, extending to a depth of 1100 m, in the subtropical North Atlantic is noticeable
throughout the depth range of central and intermediate water masses, with maximum
salinity changes centred around 450 m at 45◦N. A part of this increase appears to come
from an increase in near-surface salinity of the western North Atlantic region, which
corresponds well with a reduction in surface FWF. A projected shallowing of the MOW
is a likely scenario at the end of the 21st century, associated with a reduction in MOW
density owing to warming under increased greenhouse gas emissions (Thorpe and Bigg,
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2000). In our study, a negative signal in the RCP8.5 period relative to the historical
period, below the maximum salinity changes (around 700 m) in the North Atlantic
MOW outlet region, suggests the possibility of such an upward shift. Hence, another
part of the subtropical North Atlantic salinity increase can very likely be connected to
the high saline MOW salinity increase noticed in this depth.

The subsurface salinity changes were explored by investigating the mechanisms driving
those changes. The concept behind understanding these mechanisms is that in a global
warming scenario the salinity changes are a result of changes in surface forcings such as
changes in heat flux, FWF and wind-stress. A combination of these three forcings can
very likely explain the salinity response. However, identifying the impact of each of
these processes with absolute effectiveness is challenging. Nevertheless, we first use the
approach of Durack and Wijffels (2010) that decomposes the total salinity into heave
and spice components, and followed by the approach of Bindoff and Mcdougall (1994)
that decomposes the total salinity into pure warming, pure freshening and pure heave
components. The heave and spice decomposition enables us to identify a part of the
subsurface changes in salinity associated with changes in the isopycnal, i.e. isopycnal
movements due to wind-stress or circulation changes and another part due to changes
in the θ− S relationship, respectively. The pure processes identified by pure warming,
pure freshening and pure heave could link this heave and spice related subsurface
salinity contributions to changes in warming, surface FWF and wind-stress.

The results obtained from the heave and spice decomposition appeared to exhibit a
large anti-correlation between them. However, we could deduce that spice changes
very likely play a dominating role in the upper few 100 m of the Atlantic Ocean. This
contribution corresponds well with the large SSS changes in the Atlantic Ocean that
are closely correlated to the surface FWF changes. In contrast, the heave component
appeared to have a dominating role in the subtropical Atlantic, typically at depths be-
low the mixed layer. (Häkkinen et al., 2016) claimed that, on multi-decadal timescales,
the heaving of isopycnals is very likely a result of the warming of the global ocean,
although there is some contribution from the dynamic processes such as changes in
gyre circulation. However, along with warming, changes in the Ekman downwelling
suggesting an increase in the gyre strength prompted us to a possible connection of
the heave-driven salinity changes in the subtropical North Atlantic to changes in the
wind-stress. The Pacific and Indian oceans largely depicted a spice dominance in the
subsurface subtropical gyres in the upper 500 m, which experienced a freshening. In
the high-latitude ocean basins, the freshening heave component appears to dominate,
although a salty spice component counterbalances most of it.

The heave and spice decomposition of the total salinity might not be an effective
method to identify the contributions from surface flux changes or wind-related changes.
The presence of a large warming signal in the RCP8.5 scenario complicates the dynamic
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association of heave to wind-driven changes while both warming and freshwater changes
can attribute to the heave component as well. Hence, this decomposition method
creates large signals in heave and spiciness that are real and important but contribute
little to the understanding of salinity changes, especially on depth levels.

As a major advancement of the study by Durack and Wijffels (2010), we were able to
estimate and distinguish the impact of warming, freshwater changes, wind-stress and
circulation changes by applying the approach of Bindoff and Mcdougall (1994). This
approach provides the attribution of salinity changes on depth levels to the pure fresh-
ening and pure heave processes. This method shows that surface FWF changes play
a significant role and often a dominant role in driving salinity changes in the tropical
and subtropical global oceans. A large part of the subsurface freshening in the North
Pacific and South Indian Oceans could be connected to the pure freshening process,
due to the substantial freshening at the surface which we link to being largely FWF
driven. A contrast in the results of the pure process approach compared to Durack
and Wijffels (2010) is the warming-driven contribution. The pure warming associated
spice changes appear to be same as the changes connected to the poleward migration
of surface isopycnal outcrop, referred as migration-driven changes, although the mag-
nitudes are different due to the difference in the methods used. If that applies, the pure
warming-related spice changes, contributing to a freshening of the subtropical waters,
would be mostly compensated by the heave component of pure warming. Consequently,
this suggests that pure warming results in little or no real impact on the total salinity
in the subsurface depth levels.

The pure process analysis reveals that the pure heave seem to have a significant impact
on salinity changes of the Atlantic Ocean but not much in case of the Pacific and Indian
Ocean basins. The pure heave is representative of wind-stress and circulation related
changes, the latter includes the contribution from other surface forcings, in particular
warming. Therefore, it is also important to consider the role AMOC could play in
this scenario. The AMOC weakens in the RCP8.5 scenario, which is very likely a
result of warming (Levang and Schmitt 2020). As a result of this weakening, the
northward salt transport could be reduced. This is supported by a strong dipole like
salinity structure in the subsurface of the North Atlantic during the RCP8.5 period.
Hence, this circulation reduction could also play a role in the distribution of salinity,
and the role played by the AMOC is also important to consider in pure heave-related
contribution to salinity changes.

In a warming scenario, our analyses provide an overview of the mechanisms governing
the surface and subsurface salinity changes in each ocean basin and the processes dom-
inating them. However, the pure process analysis provides an underestimated solution
of subsurface salinity changes, along with the fact that the analysis is shown on zonal
mean average. Moreover, the maximum emission scenario of RCP8.5 introduces sig-
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nificant changes in surface forcing components and associated feedbacks, all of which
influences the salinity changes. For instance, the pure heave-driven salinity changes can
come from circulation changes generated by warming or FWF and not just wind-stress.
Therefore, another way to interpret these results efficiently would be to perform this
analysis on individual surface forcing experiments to differentiate between the differ-
ences and to analyse the salinity impacts with fewer uncertainties. Such an analysis
is performed in chapter 5 of the salinity study using the Flux Anomaly Forced Model
Intercomparison Project (FAFMIP) using the high resolution model data of MPI-ESM.
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Chapter 5

Sensitivity experiments to understand
the salinity response to different
surface forcings1

5.1 Introduction

The global ocean salinity changes are driven by surface fluxes such as the heat flux,
wind stress and FWF. Any changes in these surface fluxes affect the distribution of
surface and subsurface salinities. The previous chapter described various mechanisms
to identify and distinguish salinity contributions from surface fluxes under the high
emission scenario of the coupled model - MPI-ESM-MR. In a high emission RCP8.5
scenario, investigated in chapter 4, all the surface forcings act to change the salinity
simultaneously. The resulting salinity changes can be a result of collective contributions
or impact of the individual surface fluxes. Upon investigating the mechanisms of spice
and heave using Bindoff and Mcdougall (1994) method (BM’s method), we decomposed
subsurface salinity changes into the three pure processes of pure warming (PW), pure
freshening (PF) and pure heave (PH). The results of this analysis provided a good
insight into the global salinity changes under a warming climate. The surface FWF
changes, resulting from an intensification of the global water cycle, play a dominant
role in subsurface salinity changes on depth levels of the subtropical and tropical ocean
basins. While the ocean warming appears to have more impact in the high-latitudes,
wind-stress changes tend to play a strong role in the Atlantic Ocean (refer section
4.4.3).

The surface flux changes impact different ocean basins in different degree. In this
chapter, we take a step further to confirm and to understand the similarities and
dissimilarities in salinity responses to individually forced surface fluxes, by using sen-
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sitivity experiments developed for the Flux-Anomaly-Forced Model Intercomparison
Project (FAFMIP).

FAFMIP sensitivity experiments, designed to be a part of CMIP6, were set to study
the climate change in oceans in a CO2 forced climate change scenario (Gregory et al.,
2016), in particular, to understand the sea-level and ocean circulation changes. The
experiments are designed in a way that the flux from a coupled model is perturbed by
a prescribed flux (momentum, heat and freshwater) in separate simulations of coupled
models. In the CMIP5 studies, projected salinity responses in a warming climate has
shown to be less consistent, specifically for different water masses (Sallée et al., 2013).
The FAFMIP project was motivated by such uncertainties in projections, such as the
sea-level changes, in response to climate change in different AOGCMs.

The main idea of FAFMIP experiments is to understand the ocean response to the
surface flux changes induced by a CO2-forced climate change. The surface flux pertur-
bations for the FAFMIP experiments were calculated from the 61-80 year time-mean
of 1pctCO2 experiments of CMIP5, which is representative of an anthropogenic cli-
mate change. The application of these surface flux perturbations (Chapter 3, section
3.2.2) on a model’s respective surface fluxes ensures to understand different responses
to the same forcing, which allows these experiment results to be compared and studied.
Therefore, the oceanic changes due to changes in surface fluxes of heat, momentum and
freshwater are separated in FAFMIP, thereby offering a simplified analysis on the ocean
response.

Analysis of the FAFMIP experiments carried out until now focused on the sea-level
changes, changes in ocean circulations and ocean heat uptake (Gregory et al. 2016;
Griffies et al. 2016; Todd et al. 2020). Similarly, using the FAFMIP experiments
for salinity study will aid in distinguishing the salinity responses under individual
surface forcing corresponding to a warming climate. The different surface flux forcings
and the related feedbacks can affect the salinity response to different forcings and
oceanic changes; therefore, create uncertainties in their contribution. For instance, in
chapter 4, we determined that a large contribution of the salinity increase in the North
Atlantic comes from the pure heave process. According to BM’s method, the pure heave
process signifies changes connected to wind-stress and circulation. But in the RCP8.5,
the circulation changes could come from changes in both temperature and salinity
associated with heat flux and FWF changes. Therefore, by using the individually
perturbed FAFMIP experiments, we expect to eliminate such uncertainties and provide
a better estimation of salinity changes connected to individual forcing components.

This chapter is divided into two sections. The first part consists of using the individu-
ally perturbed FAFMIP high-resolution sensitivity experiments to analyse the salinity
response for individual surface forcings. This is done by first discussing the changes in
individual surface forcings for each experiment and their coupling impact on other sur-
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face forcings. Followed by examining the salinity changes in each experiment, relative
to the control run, and analyse the mechanisms attributing to these changes. From
this, we can determine how robust are the salinity contributions obtained from the
pure processes on the high emission MPI-ESM-MR run.

As a result of coupling, when an experiment is perturbed with one surface forcing
it still results in some changes in the other surface forcings that can influence their
contribution. Since in a warmer climate, freshwater forcing contributes significantly to
the changes in surface and subsurface salinity, a passive tracer experiment is performed
to assist in isolating the feedbacks. Hence, in the second part of this chapter, we
analyse the passive tracer experiment results. The passive tracer experiment details
are provided in chapter 3, section 3.2.3. However, for a brief review, we impose the
FAFMIP surface FWF perturbation on our passive tracer, initialised with the control
salinity value. This FWF perturbation is imposed only on the passive tracer field.
Therefore, we define this as ’passive’ tracer as this tracer does not affect the ocean
density or circulation and does not have any effect on surface fluxes. Hence, this
provides us with a pre-industrial control run where no surface forcing is applied and
oceanic response is not affected. As a result, the changes and transport of passive tracer
can be considered as a result of imposed surface FWF alone and does not involve density
changes or feedback changes in any other surface fluxes.

5.2 Experiments

The FAFMIP experiments used in this study are the faf-water, faf-stress and faf-
heatNA50pct (refer chapter 3, section 3.2.2). The perturbations for FAFMIP exper-
iments were calculated at the time when the CO2 concentration reaches double its
concentration in the control state, which is in 61-80 years, i.e. centred at around 70
years, of the 1pctCO2 experiments taken from 13 CMIP5 models (Gregory et al., 2016).
The prescribed perturbations are provided at the beginning of the simulation of MPI-
ESM-HR, referred to as FAFMIP-HR from here on, and the model was integrated for
70 years. Since the perturbations are provided from the beginning of the simulation,
the experiments produce significant results within a short time. Subsequently, we take
the last twenty years with maximum changes for the analysis above. The methods used
are similar to those of the previous chapter. To perform the analysis, time average of
the last 20 years of the FAFMIP-HR runs, 51-70 years, are taken from which the mean
of control run is removed.
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5.2.1 FAFMIP surface flux changes

We start by revisiting and providing an overview of the surface forcing perturbations
and the associated changes in surface fluxes of faf-water, faf-stress, faf-heat-NA50pct
and faf-heat. The surface flux perturbations (Fig. 5.1a,b,c) applied at the beginning of
the FAFMIP experiments have large signals exceeding the natural climate variability
signals in most parts of the ocean (Fig. 5.1d,e,f). Therefore, the responses in salinity
should leave strong signatures of a warming scenario in the FAFMIP experiments.

Figure 5.1: Prescribed surface flux perturbations (Left panel) and the standard deviations (20-
year running mean) of the control run (Right panel) for (a, d) the FWF (10−6 kgm−2s−1),
(b, e), the wind stress (10−2 Pa) and (c, f) the heat flux (Wm−2).

The surface FWF perturbation is the sum of the precipitation, river run off, evapora-
tion, water fluxes between the sea water and floating ice (Gregory et al. 2016). For faf-
water, FWF perturbation or imposed flux, given by Fw (positive into the ocean), shows
a positive FWF perturbation into the tropics and higher latitudes and negative FWF
perturbation in the subtropical oceans (Fig. 5.1 a). For faf-stress, the predominant
characteristic in the wind-stress perturbation is the strong westerlies in the southern
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ocean. Similarly, the heat flux perturbation is strong in the southern ocean and also in
the North Atlantic. The details on the application of the flux perturbation is provided
by Gregory et al. (2016). We provided a brief overview on the heat flux perturbation
in chapter 3, section 3.2.2.

The responses in other surface forcings, in each FAFMIP experiment, are a conse-
quence of the coupled feedback. In a coupled ocean-atmospheric system, the changes
in any surface forcings can result in oceanic response such as changes in the sea sur-
face temperature (SST), ocean currents and salinity, which then feedback and result
in surface forcing changes (Murtugudde and Busalacchi 1998; Yang et al. 1999; Dawe
and Thompson 2006; Zhang and Busalacchi 2009).

faf-water

The total FWF changes, which is given by mean of last 20-years faf-water run minus
control run, shows a positive change in the tropics and subpolar latitudes and negative
in the subtropical latitudes (Fig. 5.2 a); however, much weaker in certain regions in
comparison with the Fw. There are some changes in the wind-stress and heat flux in
the faf-water run (Fig. 5.2b,c). Especially, the strengthening of the westerlies in the
southern ocean. Though there may be several reasons, such as the changes in SST and
associated atmospheric changes, to why this weakening is observed in certain regions,
it is currently out of the scope of this research and hence not addressed here.

faf-stress

The wind stress perturbation (Fs) in the subtropics and higher latitudes, specifically in
the Southern Ocean, is substantial. In general, there is a total weakening of the total
wind stress in faf-stress run (Fig. 5.2e). The faf-stress run induces much less changes
in FWF, especially in comparison with other runs. The FWF appears less sensitive to
perturbed wind stress. However, faf-stress induces more changes in heat flux, especially
over the Indian and the Atlantic basins. Therefore, with weak changes in wind-stress, it
might be possible that the salinity response is more of a result of other oceanic changes
due to changes in heat flux or related circulation, which is discussed in section 5.3.

faf-heat and faf-heat-NA50pct

Of all the tier-1 runs, faf-heat experiment induces substantial changes in all the surface
forcings (Fig. 5.3 a, b). In faf-heat, the induced freshwater forcing and momentum
changes are larger than in the individual forcings in faf-water and faf-stress and hence
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Figure 5.2: Changes in surface fluxes relative to the control run for the (a,b,c) faf-water, (d,e,f)
faf-stress and (g,h,i) faf-heat-NA50pct runs. (a,d,g) is the FWF changes (10−6 kgm−2s−1),
(b,e,h) is the wind-stress changes (10−2 Nm−2) and (c,f,i) is the heat flux changes (Wm−2).
The regions with values less than 2 times the standard deviation of control run have been
masked.
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Figure 5.3: The faf-heat surface flux changes for (a) the FWF (10−6 kgm−2s−1), (b)the wind
stress (10−2 Nm−2) and (c)the heat flux (Wm−2).

not very useful in determining individual impact on salinity response. In faf-heat-
NA50pct, a 50% reduction in the surface heat flux over the North Atlantic brought
drastic changes in the response of surface forcings especially in the FWF of Atlantic
and wind stress in the tropics and the Southern Ocean (Fig. 5.2 g, h). Therefore, in
order to get a closer estimate of the salinity response to heat flux changes, we use
faf-heat-NA50pct instead of faf-heat.

5.3 Salinity response

Figure 5.4 shows the surface salinity changes in each run relative to the control run. As
intended from different surface perturbations, the SSS changes in the global ocean show
significant differences in response to different surface flux perturbations. The faf-water
run shows largely a decrease in the global SSS, except in the Atlantic Ocean where there
is a slight increase in the SSS (Fig. 5.4 a). Meanwhile, faf-stress and faf-heat-NA50pct
show either a SSS increase or decrease in various parts of the global ocean (Fig. 5.4b,c).
Moreover, along with surface freshening, the global ocean shows a basin-wide cooling of
the SST in faf-water, whereas the faf-stress and faf-heat-NA50pct runs show an increase
(Fig. 5.5 a, b, c). A possible speculation of this SST cooling in faf-water could be due to
a negative feedback caused by an amplification of the water cycle, which was identified
in a study of Williams et al. (2007). According to that, a freshwater perturbation
can cause an increase in surface salinity gradients. The ventilation of these gradients
could lead to stronger density-compensating temperature gradients which can drive an
increased downward isopycnal diffusive heat flux (Williams et al. 2007). The resulting
net downward transfer of heat increases the temperature in the subsurface while causing
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Figure 5.4: Changes in the SSS (psu) relative to control run for the (a) faf-water, (b) faf-stress
(c) faf-heatNA50pct, (d) sum of faf-water, faf-stress and faf-heat-NA50pct (a+b+c), e) faf-all
and (f) sum of faf-water,faf-stress and faf-heat (a+b+faf-heat). The regions with values less
than 2 times the standard deviation of control run (20-year running mean) have been stippled.

a cooling at the surface. Such an increase in the subsurface temperature is evident in
each ocean basin for faf-water (Fig. 5.5 d, e, f). It is a possibility that this mechanism
is at work in faf-water. That being said, a reduction in SST might also be driving
changes in the FWF and thereby influencing the SSS response indirectly. Such as a
weakening of the SSS in the North Atlantic Ocean.

Considering that each perturbation causes changes in other surface forcings, especially
for faf-heat-NA50pct, that could attribute to the SSS changes in those runs, the re-
sponse in salinity in each run cannot be attributed perfectly to any one perturbation
or surface forcing in FAFMIP experiments. Therefore, we focus on regions with major
and similar changes projected across the RCP8.5 runs in CMIP5 models (Levang and
Schmitt 2015) and MPI-ESM-MR in our previous chapter (chapter 4, fig.4.2 a) as a
guide in an attempt to distinguish SSS changes dominated by each surface forcing.
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Figure 5.5: Changes in the SST ( ◦C) relative to control run for (a) faf-water, (b) faf-stress (c)
faf-heatNA50pct. The regions with values less than 2 times the standard deviation of control
run (20-year running mean) have been stippled. d,e,f shows the vertical profile of the basin
averaged potential temperatures (faf-water - blue, faf-stress-green, faf-heat-NA50pct - red)
for the Pacific, Indian and Atlantic oceans, respectively.

In faf-water, the weak SSS increase in the Atlantic basin corresponds to a weak surface
freshwater forcing changes in the basin. In the RCP8.5, SSS changes in the Atlantic
Ocean was in a very good correspondence with the FWF changes (Chapter 4, fig. 4.1).
However, a reduction in negative FWF changes in faf-water (Fig. 5.2 a), owing to
an ocean-atmospheric feedback weakens the total FWF changes. As a result of this
weakening of the FWF, the Atlantic SSS experiences only a weak increase in faf-water
(Fig. 5.4 a). These surface changes are not much significant compared to the heat runs,
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particularly in the South Atlantic.

A reduction in FWF intensification might not be the only reason attributed to a weak
SSS increase in the Atlantic Ocean. In faf-heat and faf-heat-NA50pct, the induced
changes in the freshwater forcing (Fig. 5.3a and Fig. 5.2g) are only slightly intense
than faf-water (Fig. 5.2a) in the subpolar North Atlantic. However, they still result in
substantial SSS changes (Fig. 5.4c,e). This increase in faf-heat-NA50pct SSS, despite
a similar FWF change in faf-water, could be a result of changes in circulation due to
warming (Fig. 5.5c), particularly changes in AMOC, which affects the transport of salt
to higher latitudes (Levang and Schmitt 2020). Surface warming in heat perturbed
runs, unlike in faf-water, could sustain and also further amplify the spatial pattern of
SSS change by providing a stable upper ocean stratification (Zika et al. 2018).

For instance, we took a South Atlantic box (20◦S-40◦S, 55◦W-5◦W), which is a net
evaporative region, has a consistent negative FWF throughout the 70-year experiment
(Fig. 5.6). The time evolution of box area average shows that despite a similar time
evolution of the changes in FWF for the faf-water and faf-heat-NA50pct runs, the
SSS increase in faf-heat-NA50pct is substantial. Whereas, in faf-water, this region
experiences little significant changes (Fig. 5.4a). A reduction in faf-water SSS may
be connected to an increased mixing, which can be deduced from the increasing MLD
(Fig. 5.6). The surface salinification due to a consistent negative FWF can destabilise
the surface layers and thus drive more mixing. The wind-stress changes in these two
runs are not substantially different to indicate their additional contribution to SSS
increase in faf-heat-NA50pct. The surface warming in the faf-heat-NA50pct can main-
tain the upper ocean stratification, causing less mixing changes (Fig. 5.6). This could
sustain the SSS anomalies formed at the surface due to a negative FWF, and without
much decay SSS could amplify over the years.

The strong surface warming in faf-heat-NA50pct and associated SSS changes in the
South Atlantic in comparison with faf-water SSS changes is suggestive of a larger role
played by surface warming in defining the SSS changes in the subtropical Atlantic.
However, this is not necessarily the same for all the basins. The increase in FWF
along the ITCZ, especially in the western tropical Pacific corresponds to the decrease
in SSS in the tropical Pacific, which is visible in both faf-water and faf-heat-NA50pct
(Fig. 5.4a,c), implying these low salinities in the tropical Pacific could be largely due to
an increased FWF. In faf-water, a freshening of the subtropical Pacific ocean and the
eastern tropical Indian Ocean could be connected to an advection of the low saline sur-
face waters from the tropical Pacific (Chapter 4, figure 4.6; Huang et al. 2005). There-
fore, this almost basin-wide freshening of the Pacific suggests that oceanic freshening
of the Pacific surface waters seems to be primarily driven by an increased freshwater
input in the tropical Pacific, especially in the warm pool region.

Similarly, for the Indian Ocean, advection of these low pacific salinities via the ITF
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Figure 5.6: Time series of the South Atlantic region (20◦S-40◦S, 55◦W-5◦W) averaged SSS
changes (S’, red lines, psu), FWF changes (FW’, blue lines, (10−6 kg m−2 s−1) and tem-
perature changes (T’, green lines, ◦C) and (below) for the MLD changes (magenta, me-
ter), heat flux changes (orange, Wm10−2) and magnitude of wind-stress changes (cyan,
10−2 Nm10−2). Solid lines denote faf-water and dashed lines denote faf-heat-NA50pct. The
values are smoothed at a 20-year running time mean. Prime (’) represents changes.

could result in the reduction of eastern tropical Indian Ocean SSS for faf-water. The
Pacific freshening in freshwater imposed faf-water is in good agreement to our under-
standing of near-surface salinity changes in the RCP8.5 scenario from the previous
chapter (chapter 4). In that chapter, we associated the changes in freshwater input to
be the major driver of near-surface salinity changes in the eastern tropical Indian and
subtropical Pacific oceans. In addition, despite no surface warming in the faf-water
run, this large freshening in the Pacific Ocean reaffirms the dominant role of surface
FWF changes in the Pacific SSS response. This could be connected to the stabilising
effect of surface freshening that drives less mixing and hence sustain the freshwater for
longer periods.

The SSS changes in faf-stress are far less significant than in faf-water and faf-heat-
NA50pct (Fig. 5.4b). From faf-stress run, surface wind stress perturbation seems to
have no considerable changes in the wind stress during the last 20 years. In addi-
tion, there is little or no induced surface freshwater forcing, but there are considerable
changes in the heat flux (Fig. 5.2f). The substantial SSS changes in the north-eastern
tropical Pacific and tropical North Atlantic oceans appear to contribute to the faf-all
SSS signal (Fig. 5.4 e). However, in general, the SSS response in faf-stress seems to have
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a dipole like pattern in most of the regions, with strong positive and negative changes
both longitudinally and latitudinally. There appears no close direct relation with the
surface FWF changes in most regions with substantial SSS changes (Fig. 5.2d and
Fig. 5.4b), such as the north-eastern tropical Pacific. It is likely that the SSS changes
are from the advection changes introduced by heat flux and freshwater changes or even
from prolonged changes in the wind-stress. Despite the weak increase in FWF in the
Southern Ocean, it is unclear why there is an increase in salinity in the Southern Ocean
in faf-stress.

From a comparison of faf-all (Fig. 5.4e) and a sum of faf-water, faf-stress and faf-heat
runs (Fig. 5.4f), we notice that the SSS difference between them is small and that the
total SSS changes can be expressed as a sum of individual perturbations. However,
each perturbation runs have induced changes in other surface forcings, particularly for
faf-heat-NA50pct, that could attribute to the SSS changes in those runs. This may
essentially get added to the faf-all run and makes it difficult to conclude whether the
forcings act linear. Keeping that in mind, we add faf-water, faf-stress and faf-heat-
NA50pct and is shown in Fig. 5.4d. Adding the SSS changes in each run show a spatial
pattern reasonably similar to that of the spatial pattern of projected SSS changes in
CMIP5 RCP8.5 runs, including MPI-ESM-MR (chapter 5.15, Fig. 4.2a; Levang and
Schmitt 2015) with differences in some regions such as the western subtropical North
Atlantic and in the south-western subtropical Pacific Oceans (Fig. 5.4d).

To compare the SSS amplification between the experiments, the global SSS pattern
amplification (PA) is calculated. The PA is given by the linear regression of the global
zonal SSS change against the mean climatological anomaly (Durack et al. 2012). On
the total SSS signal in Fig. 5.4d, the global ocean experiences a PA of 3.5% with a
correlation (R) of .35, which is quite a weak correlation. This suggests that the global
SSS changes do not closely resemble the mean climatological SSS. For the individual
perturbations, the faf-water run shows a PA of ∼2% (R=0.46) and a FWF PA of
∼6% (R=0.73). On the other hand, the faf-heat-NA50pct run has a SSS PA of ∼5.5%
(R=0.53) with a PA of ∼3% (R=0.49) for the FWF. The faf-stress run shows a negative
PA of ∼3% (R=0.65). This SSS PA for faf-heat-NA50pct and faf-water is interesting
because despite a weaker FWF amplification in the heat run, it shows a much stronger
SSS amplification with a stronger pattern correlation than in faf-water. This difference
in SSS PA in faf-water and faf-heat-NA50pct, to a large extent, may be connected to
surface warming in faf-heat-NA50pct. The faf-heat-NA50pct run has a global surface
warming of 1.6◦C, whereas the faf-water run has a global average of -0.21◦C. Here, it
is challenging to deconstruct the warming and freshwater contributions. However, a
negative SST change and a weak SSS amplification despite a strong FWF amplification
in faf-water suggests that the surface FWF intensification alone cannot produce a large
SSS amplification in the global ocean.
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The surface FWF and SSS changes in faf-water and faf-heat-NA50pct provide a clearer
picture of the dominant role of surface FWF changes on SSS changes, especially in the
tropical and subtropical Pacific and Indian oceans. In the subtropical and tropical
Atlantic Ocean, faf-water related freshwater changes alone cannot sufficiently explain
the negative SSS changes. Keeping in mind that the induced surface forcing changes in
each experiment does have some influence on SSS response, the faf-water SSS changes
together with faf-heat-NA50pct could closely represent for a similar spatial pattern
of SSS changes projected in an RCP8.5 run for the Atlantic Ocean. That is, the
Atlantic Ocean SSS response for global warming is better simulated when both faf-
water and faf-heat-NA50pct runs are combined. This is indicative of surface warming
having a larger role in the Atlantic SSS amplification than in the Pacific and Indian
Oceans. The faf-heat run induces large changes in freshwater and wind-stress forcings
(Fig. 5.3). The faf-heatNA50pct run also induces large changes, however, much less in
comparison to faf-heat. Using faf-heat to study salinity response to heat flux changes
are more challenging than in faf-heatNA50pct and hence not used further.

5.3.1 Subsurface changes

Surface salinity changes in the FAFMIP experiments show distinct responses, which
influence the subsurface changes. In all 3 experiments (faf-water, faf-stress and faf-
heatNA50pct), substantial subsurface changes are largely confined to the upper 500-
600 m except for the Atlantic Ocean (Fig. 5.7).

In faf-water, with a significant freshening of the surface layers, the Pacific and Indian
Oceans show a reduction in their subsurface salinities. In the southern hemisphere,
a reduction in the salinities of intermediate water masses could be connected to a
reduced SSS in their source regions (between 55◦S-65◦S)(Wong et al. 1999). This SSS
reduction coincides with a significant increase in FWF in the Southern Ocean in faf-
water (Fig.5.4 a). A strong freshening all over the surface at latitudes south of 30 ◦S
indicate some other processes in play. A strengthening of the southern hemisphere
westerlies in the faf-water run could mean that there is an increased northward Ekman
transport from the Antarctic region towards the subtropical latitudes. As a result an
additional change in SSS could be coming from the advection of these fresher waters
into the subtropical oceans. It is more apparent from the significant fresher salinities
in the South Indian Ocean which coincides with the strong westerlies induced there
(Fig. 5.2b). Therefore, at latitudes south of 30 ◦S, a part of the subsurface salinity
decrease in the southern oceans can be linked directly to the local surface FWF changes,
while the other part of it might be a result of transport changes.

In the subtropical North Atlantic, faf-water shows positive salinity changes between the
latitudes 20 ◦N-50 ◦N. This is extended down to a depth of 1100 m, with a maximum
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Figure 5.7: Zonal average of changes in subsurface salinity (psu) with respect to control run
(a, b, c) for faf-water, (d, e, f) for faf-stress and (g, h, i) for faf-heat-NA50pct runs of the
Atlantic, Pacific and Indian oceans. The regions with values less than 2 times the standard
deviation of control run have been masked.

zonal positive salinity change at around 800 m. The increase in subsurface salinity
at around 45 ◦N and 300 m, could be connected to an increase in salinity noticed in
the eastern North Atlantic (Fig. 5.4a). Whereas the salinity increase below that, few
latitudes south, appears to be much significant than the SSS changes simulated in this
region. A similar positive signal, focused between 800-1200 m centered around 30 ◦N,
is visible in faf-stress, denoting a possible signature of MOW changes. On a closer
inspection of the depth-latitudinal profile of the MOW outlet region of the North
Atlantic shows an increase in MOW salinity (not shown). Where we also notice that
some part of the signal appears to come from the north-east North Atlantic with high
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SSS (Fig. 5.4b). A subduction of this signal along the isopycnals and their subsequent
southward movement would result in the observed positive signal at 30 ◦N. We describe
these details in the following section on mechanisms.

Similar to the SSS changes, the subsurface changes in the Pacific and Indian Oceans of
faf-stress are much weaker than in faf-water and faf-heat-NA50pct. Hence, in a realistic
scenario where all the surface forcings come into play the wind stress related changes
are likely to be overcompensated or weakly adds up.

Mechanisms

In scenarios of both warming (Fig. 5.5f; faf-heat-NA50pct) and cooling (Fig. 5.5f;
faf-water) of the basin surface temperatures, the subtropical subsurface salinities in
the North Atlantic follow a positive change pattern similar to the projected RCP8.5
scenario (Chapter 4, fig. 4.7e). This increase points to a dominating role played by
surface FWF in driving the subsurface salinity response in the Atlantic Ocean. In
contrast to the similarity mentioned above, between faf-water and the RCP8.5, faf-
water shows a northward intergyre transport of the saline subtropical waters at the
intermediate depths (below 300 m) (Fig. 5.7c). This increase can be connected to a
slight increase in the AMOC (Fig. 5.8a). A strengthening of AMOC transports more
salt into the high-latitudes.

Figure 5.8: Meridional circulation changes (Sv) in the Atlantic Ocean in (a) faf-water, (b)
faf-stress and (c) faf-heat-NA50pct runs relative to the control run. The values below 2 times
standard deviation of the control run have been stippled.

As a result of possible contributions from induced changes in each FAFMIP run, we
perform a decomposition of the subsurface salinity changes into heave and spice using
BM’s method. Given the induced heat flux and wind-stress are globally weak in faf-
water compared to faf-heat-NA50pct, we expect to get a better decomposition signal
from faf-water that is not masked by a warming signal. Therefore, details of the above
introduced subsurface changes are further described in following section with respective
to spice and heave related contributions.
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In faf-water, the dominant part of the subsurface changes comes from the spice changes
(Fig. 5.9a,b,c). The heave-related salinity changes for faf-water is mostly negligible,
particularly in the upper 500 m (Fig. 5.10a,b,c). This indicates that the FWF pertur-

Figure 5.9: Zonal average of changes in subsurface salinity (psu) along isopycnals relative to
the control run (a, b, c) for faf-water, (d, e, f) for faf-stress and (g, h, i) for faf-heat-NA50pct
runs of the Atlantic, Pacific and Indian oceans. The salinity changes on density are mapped
back to depth levels.

bation do not drive significant shifts in isopycnal surfaces or induce large circulation
changes. In the North Atlantic, the increase in salinity due to spice contribution
largely comes from the PF process (Fig. 5.11). In the absence of significant tempera-
ture changes, it is evident that a substantial increase in North Atlantic salinity under
an enhanced FWF is driven by surface FWF changes. While there is a possibility
that under a warming climate surface warming supports a SSS amplification. How-
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ever, these results strongly suggests the role of FWF as the critical factor driving the
North Atlantic salinity increase. A small PH salinity increase appears to contribute
to the subsurface salinity increase in the 500-1000 m (Fig.5.12). However, the PH
contribution is much weak in comparison with the large changes coming from PF.

Figure 5.10: Zonal average of heave changes in subsurface salinity (psu) on depth levels relative
to the control run (a, b, c) for faf-water, (d, e, f) for faf-stress and (g, h, i) for faf-heat-NA50pct
runs of the Atlantic, Pacific and Indian oceans.

The Pacific and Indian oceans have significant freshening in the upper 500 m connected
to spiciness changes (Fig. 5.9a,b,c). This spice contribution is dominated by the PF
process (Fig. 5.11). This PF contribution can be linked to a reduced SSS in faf-water
(Fig. 5.4a), which was connected to an increased freshwater input in the tropical and
ITCZ regions of the Pacific (Huang et al. 2005). The above results suggest that an
enhanced surface FWF is the dominant driver of subsurface freshening, particularly
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Pacific Ocean

Indian Ocean

Atlantic Ocean

faf-water faf-stress faf-heat-NA50pct

Spice Heave

Pure Warming
Pure Freshening

Pure Warming

Pure heave
Pure Freshening

Figure 5.11: Longitude-depth (0-500 m) average of pure freshening, pure warming and pure
heave salinity components expressed as components of spice and heave salinity contributions.
Note the scale change in case of faf-heatNA50pct and heave axis of faf-water and faf-stress.
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faf-water faf-stress faf-heat-NA50pct

Figure 5.12: Similar to 5.11. Longitude-depth average of pure freshening, pure warming and
pure heave expressed as components of spice and heave contributions for 500-1000 m of the
Atlantic Ocean.

in the subtropical North Pacific. These results are consistent with our findings from
the RCP8.5 projections analysed in chapter 4 (Fig. 4.17). It is interesting to note that
there are no strong compensating signals observed in a faf-water run (Fig. 5.9a,b,c
and Fig. 5.10a,b,c). However, we notice a strong compensation of spice and heave
components of PW in all faf-runs (Fig. 5.11). The temperature changes appears to
have a large compensating effect, especially in the high-latitudes.

Comparing with the faf-heat-NA50pct run, often spice and heave are showing large
anti-correlation (Fig. 5.9g,h,i and Fig. 5.10g,h,i). This is similar to the RCP8.5 sce-
nario discussed in chapter 4 (Fig. 4.11) where warming is prominent. This supports
that warming largely creates a compensating masking signal on heave and spice which
mostly do not contribute substantially to the total salinity signal on depth levels. Sim-
ilarly, large changes in gyre circulation (Fig. 5.13c), especially in the Atlantic Ocean,
appear to be leaving a similar signal on heave-related salinity changes. This structure
is evident from the salinity slope, similar to faf-stress, seen in the subtropical gyres of
the heave component of the North Atlantic (Fig. 5.10g).

In general, this confirms our results on the RCP8.5 salinity study where we had shown
that surface FWF plays the dominant role in subsurface salinity changes in the upper
500 m of the subtropical ocean basins (Chapter 4; Fig. 4.17).

In faf-stress, the subsurface salinity changes dominated by spice signal suggest that the
changes are mostly driven by the θ − S related changes rather than the wind-stress
changes itself (Fig. 5.9d,e,f). The salinity increase in the spice signal of subtropical
North Atlantic (Fig. 5.9e) dominate over the heave changes. The heave-driven changes
are weak (Fig. 5.10e). As stated earlier, this region experiences an increase in MOW
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Figure 5.13: Changes in the barotropic streamfuction in (a) faf-water, (b) faf-stress and
(c) faf-heat-NA50pct relative to the control run (10−10kgs−1).

salinity and the spice changes observed here can be connected to this MOW salinity
increase. This coincides with the substantial increase observed in SSS of the Mediter-
ranean Sea in faf-stress (Fig. 5.4 b). It appears challenging to attribute any faf-stress
related salinity changes to wind-driven changes directly mostly due to the weak wind
stress changes in faf-stress. In addition, the signals are too weak. However, the PH
related salinity increase in the subtropical South and North Atlantic is largely heave-
driven (Fig. 5.10d). These changes coincide with the spin-up of subtropical gyre in the
South Atlantic and a slight increase in the Gulfstream-North Atlantic region in the
North Atlantic (Fig. 5.13b). This leaves a signature similar to the PH contribution
noted in the RCP8.5 scenario (chapter 4, Fig. 4.18b).

In the high latitudes, specifically of the southern hemisphere, FAFMIP experiments
show large induced changes in the surface forcings (Fig. 5.2) in comparison to other
regions. Therefore, large variations and contributions comes from each pure processes
and it appears that PW related spice and heave contributions largely anti-correlate
and PF and PF contributions also vary largely in these high latitudes, which makes it
irrelevant to describe their effective contributions in FAFMIP experiments.
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5.4 Tracer analysis

A surface flux perturbation can contribute to changes in the ocean circulation pattern
and strength (Mikolajewicz and Voss, 2000). In faf-water, one way to understand
and separate the oceanic response in salinity due to advective and ocean-atmospheric
feedback is by introducing a passive salinity tracer. Some studies have shown the
influence of surface FWF perturbations in weakening the meridional heat transport
and increasing the heat content change in the Atlantic and also increasing the sea level
(Bouttes and Gregory 2014; Sévellec et al. 2017). Our passive tracer, initialised with
active control salinity, is perturbed with the prescribed FWF (Fw) from the beginning
of the run similar to that of a faf-water run except that Fw will not affect the circulation
and thermal changes in the ocean which might result from the oceanic feedbacks.

5.4.1 Evolution of the tracer

The surface pattern of the passive tracer is established within 20-30 years of the sim-
ulation after which the changes build up much slowly over the period of 150 years
(Fig. 5.14). Even at 150-year, the passive tracer concentration has experienced a slight
change from 20-year change indicating the surface has not reached complete saturation
during our experiment period. The consistency in tracer pattern shown in 20th and
150th years, means the ocean reached a quasi-equilibrium state where the changes in
salinity introduced by the imposed surface FWF and the near-surface ocean circulation
related advection and mixing reaches a balance at certain period. The perturbed flux
does not appear to affect the salinity response significantly afterward this roughly 20-30
year run. In certain regions, such as the South Indian and tropical and South Atlantic
Oceans, there is a decrease in tracer values towards 150th year. The tracer experiment
induces no changes in ocean currents or any atmospheric feedbacks. Therefore, the
reduction in passive tracer in the regions mentioned above for the last year could be a
result of natural variabilities in transport or mixing. Apart from that, the tracer shows
consistent pattern adherence depicts that fresh regions get fresher and salty regions to
get saltier.

5.4.2 Comparison of faf-water and tracer experiment salinity
responses

If there were no changes in any other surface forcings and ocean response, then the
faf-water SSS changes should look similar to the tracer changes for the time average of
51-70 years of the experiment run. However, that is not the case and Fig. 5.15c shows
the differences in SSS and tracer. Although the surface FWF perturbation introduced
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Figure 5.14: Surface evolution of passive tracer at 0, 5, 20, 150 years of the faf-passivesalt
experiment. yr denotes year.

is same in these two experiments, the tracer and faf-water salinity changes and their
differences (Fig. 5.15 c) is indicative of a substantial role of other processes in faf-water.

The difference is substantial, especially in the Atlantic, Indian and subtropical South
Pacific Oceans, and of the same order of magnitude as the SSS changes. In the North
Atlantic Ocean, a part of this difference can be attributed to the negative FWF feedback
in faf-water, which weakens the negative FWF and reduces the SSS (Fig. 5.2 a). In
passive tracer, the freshening of eastern tropical Indian Ocean is evident. As stated
several times, this freshening can be connected to freshening of western Pacific source
region (Valsala et al. 2011). However in faf-water, a positive FWF (Fig. 5.2 a) along
with the advection of the fresher western Pacific anomalies appears to be driving an
increased freshening of SSS in faf-water.
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Figure 5.15: SSS changes for (a) tracer run (total tracer field (ST ) minus control run), (b) for
faf-water run and (c) tracer minus faf-water for the global ocean. The values below 2 times
standard deviation of the control run have been stippled for (c).
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An increased FWF in the global ocean of faf-water experiment (Fig. 5.2 a) must be
changing the stability of the upper ocean. Regions with increased freshwater input will
freshen. As a result, the fresher surface waters stabilise the surface ocean and reduce
vertical mixing. In effect, the surface salinity reduction is sustained for a longer time.
On the other hand, net evaporation regions has increased salinities at surface, which
destabilises the surface layer. By enabling more mixing of the saline waters, the the
surface salinity reduces. This simple mechanism seems to be at work in the subtropical
regions of faf-water.

In addition, a strengthening of the southern ocean westerlies in the faf-water run could
also bring fresher waters from the Antarctic continent towards the subtropical latitudes
(Fig. 5.2 b). The negative sign in Fig. 5.15c is indicative of a decrease in fresh water
in the southern latitudes of faf-water. Hence, a large Ekman transport of freshwater
from the high-latitude oceans towards subtropics cause an increase in salinity south of
the westerly domain and a decrease in salinity north of it.

Propagation through subsurface ocean

The upper 500 m tracer changes for the 51-70th year average closely reflect the surface
changes related to freshwater forcing (Fig. 5.16). As the passive tracer starts propa-
gating below the MLD to deeper layers within a few decades of the experiment run, it
is worth addressing the temporal tracer evolution in the subsurface of each ocean basin
to distinguish the time and magnitude of changes occurring in faf-water.

In the initial decade, the subtropical salinities are seen to be subducted and slowly
propagating equatorward (Fig. 5.17). The Atlantic basin exhibit largest changes of
all the ocean basins, followed by the Pacific and Indian oceans. The higher salinities
still remain in the first couple 100 m of the Atlantic basin during the few couple of
decades. By approximately 20 years, the global surface tracer values has almost reached
a balance state where no significant changes happen over the rest of the run (Fig. 5.14).
In that same time, we already notice subsurface changes of the same order of surface
magnitude at depths of 500 m (Fig. 5.17). In the faf-passivesalt experiment, a large
surface FWF perturbation is switched on from the start of the run. This might be
influencing the subsurface changes sooner than in a realistic scenario depending on the
rate of intensification of the water cycle.

In the North Atlantic, the tracer evolution and propagation shows a part of the surface
salinity increase in the subtropical North Atlantic being carried northward and another
part carried equatorward in the first 40 years. Further, a third part continues to sink to
form North Atlantic Deep Water (NADW) and reaches a depth of 3000 m after which
they start propagating southward eventually becoming lighter and upwelling in the
high-latitudes of the southern hemisphere (Fig. 5.17). A similar formation of fresher
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Figure 5.16: Zonal average of passive tracer changes for the mean period of 51-70 years for (a)
the Pacific (b) the Indian and (c) the Atlantic Oceans. Values above the base of control run
mixed layer is masked. Over-contoured with the mean neutral densities of the control run.

Antarctic Bottom Waters (AABW) propagates towards the north in the global ocean.
However, the signal is much weaker. Note that the time change in the deeper layers is
ongoing and have not reached an equilibrium. These changes are only a small fraction
of the near-surface changes, which is modified by the mixing processes in the ocean
interior, changing the actual properties of the subducted water. Also, the propagation
time required for the surface changes to reach deeper layers is longer in the Pacific
and Indian Oceans compared to the Atlantic due to their lesser densities and weaker
circulation compared to the Atlantic.

Unlike tracer propagation, in faf-water, it appears that a large part of surface changes
reaches the subsurface and propagates faster within the 1000 m (Fig. 5.18). In the
Atlantic, in comparison to passive tracer, we earlier explained the large reduction in
SSS (by 0.2-0.5 psu) to a possible increase in mixing due to buoyancy flux changes.
From Fig. 5.18, it appears a larger fraction of the surface changes have subducted and
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Figure 5.17: Passive tracer propagation through subsurface. Changes in tracer values relative
to 20 years before that year, i.e T-20, where T is a given year starting from a) T=20 followed
by b) T=40, c) T=80 and d) T=140. We have only shown those differences that show distinct
propagation patterns throughout the time evolution. The propagation at each time step has
different scales in order to show the changes clearly.

that the subducted salinity changes are propagating faster than in tracer run, often seen
in dipole like pattern. This means a faster redistribution of the salinities occur both in
surface and subsurface levels leading to a global reduction in salinity. In addition, the
order of magnitude of the subducted changes remain the same over the entire period.
That means the SSS changes at surface does not sustain longer and they subduct
much faster in faf-water because of which the SSS response appears weak despite the
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Figure 5.18: faf-water salinity propagation through subsurface, similar to Fig. 5.17.

strong FWF changes. This may be connected with an increase in gyre circulation in
all the ocean basins, especially in the southern hemisphere (Fig. 5.13). These changes
in circulation could be causing a redistribution of the salinity in comparison with the
passive tracer run. In the northern hemisphere, there is an increase, however, with a
slight equatorward shift, in the North Pacific subtropical gyre, marked by a dipole like
pattern. On the other hand, the subtropical North Atlantic experience a decrease in
gyre strength.

Typically at high temperatures, the variations in temperature dominate the buoy-
ancy flux driven circulation changes, while salinity controls when the temperatures are
low. Levang and Schmitt (2020) reported that positive salinity changes strengthen the
AMOC and slightly oppose the warming-driven AMOC weakening. Therefore, in the
absence of warming in faf-water, these subducted strong salinity changes likely drive a
slight intensification of the AMOC in faf-water (Fig.5.8a). The AMOC strengthening
explains the increased northward transport of positive salinity changes in the upper
300-400 m (Fig. 5.18b). An increased transport could explain why there is a decrease
in salinity south of this region (Fig. 5.18b), in comparison with tracer where we do not
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notice such a decrease (Fig. 5.17b). Therefore, increased gyre circulations combined
with increased meridional circulation could be a large factor in salinity reduction and
redistribution observed in faf-water.

5.5 Discussion and concluding remarks

In this chapter, the FAFMIP runs for the three separate surface flux perturbations,
FWF, momentum and heat flux, are analysed to understand the impact of changes in
each surface forcings on surface and subsurface salinity responses of the global ocean.
The last 20 year time mean of the faf-runs relative to the control run have been anal-
ysed. We used the FAFMIP experiments to verify the salinity contributions obtained
from an RCP8.5-forced run. Due to the ocean-atmospheric coupled feedback, each
FAFMIP-HR experiments’ flux data show changes in other surface forcings, in addi-
tion to changes in the original perturbation flux field. Therefore, in effect, surface
flux contributions are not completely isolated in FAFMIP-HR, which makes it chal-
lenging to interpret salinity responses related to a given flux change in many regions,
particularly for the heat flux perturbation experiment, faf-heat-NA50pct.

The faf-water and faf-stress flux output have the least amount of significant changes
in other surface forcings, whereas the faf-heat-NA50pct flux output shows the most
changes. The faf-stress run induces much less changes in the FWF over the global
ocean. However, wind-stress changes in faf-stress is much less compared to faf-water
and faf-heat-NA50pct. This seems to be a disadvantage in using faf-stress run in inter-
preting wind-related changes. The faf-heat-NA50pct experiment introduces significant
changes in FWF in the tropics and subpolar latitudes and wind-stress changes over the
high-latitudes.

The sum of individual salinity responses from faf-water, faf-stress and faf-heat is al-
most the same as the salinity response from simultaneous perturbation run, faf-all.
Therefore, we added the faf-water, faf-stress and faf-heat-NA50pct to calculate the
SSS pattern amplification and determine how much of the amplification comes from
each experiment. The total SSS response PA was only 3.5% which is less than the
sum of individual SSS PA, which is 2% for faf-water and 5.5% for faf-heat-NA50pct.
The faf-stress SSS PA is negative and about 3%. Therefore, this lesser total SSS PA
of 3.5% is because the individual runs generate a lot of compensating signals when
added, such as in the northern north Atlantic, subtropical Indian Ocean. In addition,
the exact contributions from each surface forcing in FAFMIP can vary due to air-sea
coupling, for example, a large part of the SSS changes in faf-heat-NA50pct is a result
of induced FWF changes. Hence, it might not be a suitable way to access the amount
of amplification connected to the total SSS signal as we cannot attribute this strictly
to a given flux.
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After taking into account the consistent and similar responses between the faf-water
and faf-heat-NA50pct runs, the SSS reduction in the tropical Pacific, subtropical North
Pacific and eastern tropical and north Indian oceans is consistent with the increase in
FWF into the Pacific and north Indian oceans. Hence, these regions are indeed domi-
nated by FWF changes. In that aspect, it gets complicated in the Atlantic basin. The
SSS increase in the tropical and subtropical Atlantic is not significant in faf-water run.
This shows that FWF change alone is not sufficient in generating large SSS anomalies
in the Atlantic Ocean. It seems both warming and FWF changes together create the
SSS increase. For instance, in the faf-water run, a negative FWF in the subtropical
South Atlantic does not create positive SSS changes, whereas surface ocean warming in
faf-heat-NA50pct shows an increase in SSS in the South Atlantic with similar changes
in FWF. Given that the circulation changes are not significantly different in these runs,
we have to consider that an increase in FWF does increase the SSS in the Atlantic, but
surface warming helps to maintain these changes by reducing decay of surface salinities.
We can explain this by the simple mechanism related to density. Increase in SSS causes
an increase in density in a given region. Thus, salinification can cause the surface to
destabilise and thereby cause more vertical mixing followed by an SSS reduction. In
the presence of surface warming, the high temperatures compensates for the high den-
sity due to salinity and stabilise the surface (Levang and Schmitt 2020). Therefore,
the surface warming can sustain the large SSS changes and drive an amplification over
time.

A simple spice and heave decomposition of subsurface salinity in faf-water run showed
that FWF perturbation does not cause much heave-driven changes. Most of the changes
in the global ocean could be explained by the spice signal alone, and is consistent with
the surface FWF changes. This is in agreement with our RCP8.5 study where we deter-
mined the spice component to be the major driver of subsurface salinity changes caused
by surface FWF. Hence, these results together confirm that under an enhanced water
cycle, the subsurface change in salinity is dominated by FWF changes, particularly in
the subtropical oceans.

In addition, we noticed that warming in faf-heat-NA50pct mainly causes large signals
in the heave and spice components that are almost anti-correlated. The warming
in faf-stress is weak in comparison. Therefore, in the faf-stress and faf-water, this
strong anti-correlated signal is absent. We can confirm that a substantial warming
drive changes on salinity through heave and spice components. However, heave and
spice signal in a global warming scenario are largely anti-correlated and masks the
contributions from other surface forcings. As a result of which warming-driven changes
on salinity are negligible.

The surface FWF is the dominating contributor to significant subsurface salinity
changes in the Atlantic, Pacific and Indian oceans. Therefore, in order to understand
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the feedbacks arising from the freshwater perturbation and to identify the changes in
salinity response introduced by the oceanic responses and feedbacks, we performed a
passive tracer experiment. A passive salinity tracer initialised with the control run
salinity was perturbed with the same freshwater perturbation as in faf-water and run
for 150 years.

The surface tracer pattern shows freshening in the Pacific and Indian Oceans and
a strong salinification in the Atlantic Ocean. The tracer changes are considerably
different from the SSS changes in faf-water, especially for the Atlantic Ocean, where
the SSS increase is weak. There is a reduction (increase) in salinity (freshwater) at
the surface of faf-water. The changes were as large as 0.5 psu in certain regions, such
as in the subtropical North Atlantic and subtropical South Pacific. This indicated a
strong redistribution of salinity in faf-water. In certain regions, such as the subtropical
North Atlantic and eastern tropical Indian Ocean, this strong reduction coincided with
a weakening and increase in surface FWF, respectively. However, in large parts this
does not seem to hold true. In faf-water, the high-latitude southern hemisphere showed
strong westerlies. The westerlies cause a northward Ekman transport that pushes fresh
waters from the high-latitude oceans into the mid-latitudes. Hence, an increase in their
strength drives more transport and thus, an enhanced freshening of the latitudes north
of it. An increase in SSS in the southern ocean in faf-water compared to the passive
tracer changes suggests this process could be driving the freshening in the subtropical
oceans in the south.

Compared to the passive tracer subsurface propagation, the salinity propagation in faf-
water showed drastic changes with larger magnitudes over the same timescales. The
subducted salinity values in faf-water run were 2 times stronger than the passive tracer
values by the end of faf-water run. These strong anomalies in the subsurface could
be from the gyre circulation and/or AMOC changes. Firstly, AMOC is slightly inten-
sified in the faf-water experiment. It is under the theory that AMOC is sensitive to
freshwater changes in the northern North Atlantic which affects the sinking of salin-
ity anomalies. A mechanism associated with this is the salt-advection feedback. An
increase in the northern north Atlantic salinity when subducted along the isopycnals,
causes an increase in the western Atlantic thermocline waters which comprises the up-
per limb of AMOC (Broecker et al. 1990). A salinity increase thus increases AMOC,
which in turn causes salinity increase in the northern latitudes by an increased north-
ward salt transport. This mechanism is supported in faf-water by an increase observed
in northern latitude SSS in the North Atlantic and a northward increase in subsurface
salinity. Secondly, the gyre circulation shows an increase, particularly in the southern
hemisphere. These increased circulation replaces more water by causing more mixing.
Thus, a redistribution of the salinity anomalies by changes in circulation together with
induced FWF changes appears to be causing the significant reduction in faf-water SSS.
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The passive tracer experiment is a preliminary step to understanding the extend at
which other oceanic responses such as circulation changes affect the salinity response
from enhanced water cycle. In future, a detailed analysis to determine the saturation
time of the passive tracer at different depths could be performed to understand the time
taken for the surface anomalies to reach different parts of the ocean. Along with that,
a quantitative analysis on the oceanic contributions and feedbacks associated with an
intensification of the water cycle would enhance our knowledge in how they affect the
ocean and climate.
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Chapter 6

Conclusions

We investigated the impact of surface forcings on salinity changes of the global ocean
under a global warming scenario. The first set of objectives were to understand the
mechanisms driving the salinity changes, thereby determine the major driver of the
projected salinity changes, and to distinguish the salinity contributions from each sur-
face forcing. In the second part of the study, we used salinity responses from the
individually forced flux experiments in FAFMIP to verify the salinity contributions
determined in the first part of the study.

6.1 Projected salinity changes under warming and
their major drivers

The first part of the analysis used the MPI-ESM-MR to investigate the global salin-
ity response in a high-emission RCP8.5 scenario (2081-2100) relative to the histori-
cal period (1986-2005). The RCP8.5 forced climate change scenario showed substan-
tial changes in warming, freshwater flux and wind-stress forcings. The resulting SSS
changes in the global ocean showed that the Atlantic Ocean may get saltier, and the
Pacific and Indian Oceans may become fresher in comparison to the historical period.

A pattern amplification is a measure of intensification from the mean global pattern.
For a global surface ocean warming of 2.3 ◦C, the projected global SSS pattern ampli-
fication in the RCP8.5 scenario is estimated to be 18% with a pattern correlation of
0.73. This SSS amplification is accompanied with a pattern amplification of 19% and a
correlation of 0.83 in the surface freshwater flux. A large part of this SSS amplification
occurs in the Atlantic Ocean (31%), whereas the Pacific and Indian oceans experience
much weaker amplification (9% each) compared to the Atlantic. Hence, in a projected
ocean warming scenario, the Atlantic Ocean is found to experience the most substantial
salinity changes at the surface that closely resembles the mean climatological SSS.
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A significant increase in subsurface salinity in the subtropical North Atlantic Ocean is
noticed to a depth of ∼1100 m. The Pacific and Indian ocean basins do not experience
similarly strong changes to that depth and are mostly limited to the upper 500 m.
These subsurface salinity changes can be associated with the mechanisms of water-
mass changes (spice) and the vertical shift of isopycnals (heave). We found that, in
the presence of warming, a decomposition of subsurface salinity into spice and heave
components produced mutually opposing signals, which could not be used to distinguish
the contributions from warming, freshwater or wind-stress related changes. However,
from this decomposition we found that spice and heave together dominated salinity
changes in the upper 1000 m of the subtropical Atlantic Ocean, whereas the spice
changes dominated in the upper 500 m of the subtropical North Pacific and South
Indian oceans. We also noted that a freshening in the upper 500 m of the high-latitude
ocean basins were dominated by the heave component.

The contributions from each surface forcing were determined from the approach of pure
warming, pure freshening and pure heave processes developed by Bindoff and Mcdougall
(1994). Using this approach, we found that changes in surface freshwater flux are
the primary driver of the subsurface salinity changes in the tropical and subtropical
Atlantic, subtropical North Pacific and subtropical South Indian oceans. The surface
freshwater flux changes drive major subsurface changes by modifying the water-mass
along isopycnals.

Another major advancement in this study, in the area of multidecadal salinity changes,
is that the wind-stress and circulation changes are found to be one of the major drivers
of subsurface salinity changes in the subtropical Atlantic Ocean. This is a result of
a strengthening of the subtropical gyre circulation connected to an increase in the
Gulfstream North Atlantic currents drove a deepening of the isopycnals. However, the
wind-stress and circulation changes played no significant role in the Pacific and Indian
Oceans. Although wind-stress related isopycnal deepening drive some freshening in the
high-latitudes, the contribution was weak.

Surface warming was found to cause salinity changes by isopycnal deepening and by
water-mass changes. However, these heave and spice components attributed to warm-
ing compensated each other. As a result, the depth level salinity contributions from
warming of the surface ocean are found to be negligible in most parts of the ocean,
especially in the subtropical ocean basins. A dominant part of the freshening in the
high-latitude ocean comes from warming, along with minor contributions from wind-
stress and freshwater flux changes.

In essence, our study concludes that, under a global warming scenario, the subsurface
salinity changes in the world oceans occur primarily from the intensification of the
surface freshwater flux. In the Atlantic Ocean, however, the contributions from wind-
stress and circulation changes play an equally important role as the surface freshwater
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flux changes. Moreover, warming-driven salinity changes are found to have played no
significant role in the salinity changes on depth levels.

6.2 Salinity response to surface flux-forced runs

In the second part of this thesis, a set of surface flux-forced FAFMIP experiments
performed on MPI-ESM-HR were used to compare the salinity responses to individual
forcings from the section 6.1. The surface flux-forced runs enabled to isolate salinity
contributions from each of the surface fluxes. The FAFMIP results were largely con-
sistent with our findings from section 6.1. This study also confirms that the warming
largely produced an anti-correlated signal on spice and heave.

For the South Atlantic box, the SSS response in the Atlantic Ocean depicted a stronger
connection to surface warming compared to the freshwater flux perturbation experi-
ment (faf-water). In the absence of warming in faf-water, a decrease in surface fresh-
water flux alone could not cause a large SSS amplification in the South Atlantic box.

The disadvantage of the FAFMIP experiments were the changes induced in other sur-
face forcings due to the coupled ocean-atmosphere feedback. To some extent, this
limited the interpretation of salinity response to attribute it to corresponding surface
flux changes of the experiment. This limitation was found to be largest in heat flux
perturbation experiment.

To identify the extent of feedback and circulation changes driving the salinity changes
in a perturbed freshwater run, a salinity passive tracer experiment was performed in
the last part of this study. The passive tracer evolution showed that the surface changes
in most parts of the global ocean closely resembles the projected SSS changes in an
RCP8.5 scenario with a freshening of the tropical and subtropical North Pacific Ocean
and salinification of the Atlantic Ocean.

A comparison between the passive tracer experiment and faf-water showed a significant
reduction in SSS in most parts of the faf-water run. A part of this difference was
arising from the changes in the surface freshwater flux owing to a negative atmospheric
feedback in the faf-water run. In addition, the subsurface salinity changes propagating
in the faf-water experiment were stronger than in the passive tracer experiment at least
by a factor of 2, especially in the Atlantic Ocean. This faster propagation could be
linked to an increased circulation. Therefore, another part of the reduced SSS in the
faf-water run was most likely arising from the circulation changes. However, this is a
qualitative assessment and a detailed quantitative analysis was not performed in this
study. Such an analysis would be required to determine the salinity reduction from
circulation changes and flux changes.
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This whole study investigated the contributions on the zonal average of the ocean
basins. Therefore, caution should be taken while interpreting the subsurface salinity
changes, especially at smaller spatial scales.

6.3 Implications and future research

The salinity changes and their response to different surface forcings in this thesis trigger
new questions which require further investigation. In view of the projected intensifica-
tion of the water cycle, a domination of the surface freshwater flux on salinity changes
implies that, under global warming, salinity changes would continue to be a good indi-
cator to obtain a detailed understanding of the water cycle changes. Additionally, the
results also imply that the more the water cycle intensifies under global warming, the
more the salinity changes. Such large and fast changes in salinity can cause significant
changes in the ocean circulation and thereby have implications on the heat transport
and ultimately on climate.

Our study shows a clear difference in contributions and mechanisms between the At-
lantic Ocean and the Pacific-Indian oceans. The major contribution from spice com-
ponent is connected to surface freshwater flux and warming, with the assumption that
wind-stress changes are not contributing to the spice component. However, a surface
shift in isopycnal outcrop locations may come from the wind-stress changes that get
subducted along isopycnals (Durack and Wijffels (2010)). Since the RCP8.5 forcing
scenario has large variations in the wind-stress and gyre circulation changes, one could
make an attempt to determine if wind-stress changes can indeed contribute to spice
component of the salinity signal. Such an analysis would be important on smaller
timescales where wind-driven changes are often dominating (Bindoff and McDougall
2000).

Moreover, the pure heave process is defined as wind-stress and circulation related
changes. The circulation changes can also result from the salinity and tempera-
ture changes. Since pure heave is a dominant contributor to salinity changes in the
500−1000 m of the subtropical Atlantic, one can distinguish the circulation compo-
nents from the wind-stress changes and temperature-salinity changes and separate the
salinity contributions coming from both components. An expected weakening of the
future AMOC associated with warming (Levang and Schmitt 2020) and the projected
strong North Atlantic salinity increase could have implications on each other. There-
fore, a detailed analysis to determine the circulation components could provide new
insights into the AMOC related salinity distribution in the future.

The passive salinity tracer experiment forces the tracer field with the freshwater-flux
perturbation equivalent in a CO2 forced climate change scenario. With this perturba-
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tion, we understand that the upper 500 m of the ocean reach a stable state in salinity
change within in a couple of decades of the run. With that in mind, we could per-
form an experiment forced with constant salinity at the surface that could probably
help us to determine if there is an optimal salinity pattern to force subsurface salinity
changes. Williams et al. (2010) performed an ocean salinity experiment where they
forced global ocean salinity with an additional 35 psu everywhere. They claim that
such a salinity increase does not have substantial consequences on the thermohaline
circulation. Therefore, it would be interesting to see whether there is a certain spatial
salinity pattern that could drive significant oceanic responses.
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List of Acronyms

SSS Sea Surface Salinity
E Evaporation
P precipitation
R River runoff
CC Clausius–Clapeyron
SST Sea Surface Temperature
RSW Red Sea Water
PGW Persian Gulf Water
AAIW Antarctic Intermediate Water
SMW Subtropical Mode Water
WP Warm Pool
IPCC Intergovernmental Panel on Climate Change
ITCZ Intertropical Convergence Zone
SPCZ South Pacific Convergence Zone
NAO North Atlantic Oscillation
CMIP Coupled Model Intercomparison Project
CMIP5 CMIP Phase 5
CMIP6 CMIP Phase 6
MPI-ESM Max Planck Institute - Earth System Model
MPI-ESM-MR MPI-ESM-Mixed Resolution
MPI-ESM-HR MPI-ESM-High Resolution
RCP Representative Concentration Pathways
MPIOM Max Planck Institute Ocean Module
FAFMIP Flux-Anomaly-Forced Intercomparison Project
FWF freshwater flux
PW Pure Warming
PF Pure Freshening
PH Pure Heave
IFREMER French Research Institute for Exploitation of the Sea
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