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There	are	in	general	two	ways	through	which	observed	informa.on	in	the	ocean	can	be	
transferred	to	the	atmosphere	and	visa	versa.		
	
1)	Via	fluxes	between	the	two	through	the	coupled	dynamics:		
	
•  Advantage:	Informa.on	is	transferred	between	the	ocean	and	atmosphere	in	a	

dynamically	consistent	way.	
	
•  Disadvantage:	the	observa.onal	signal	may	be	distorted	through	model	error.		

2)  As	the	key	to	projec.ng	observa.onal	informa.on	between	the	ocean	and	atmosphere	
are	the	coupled	error	covariances	we	can	use	these	to	directly	project	the	observed	
informa.on	by	coupling	the	error	covariances.	

	
•  Advantages:	Despite	model	errors	in	the	coupled	error	covariance,	the	observa.onal	

signal	can	be	transferred	instantaneously	between	ocean	and	atmosphere.		
	
•  Disadvantage:	the	.me	scales	at	which	the	flows	vary	are	different.	This	is	par.cularly	

true	when	the	goal	is	to	generate	ini.al	condi.ons	suitable	for	predic.ons	beyond	
seasonal.	

Coupled	data	assimila.on	



Base	Mul.-year	to	decadal	predic.on	system	
	Completed:	

	
•  Coupled	models:	GFDL	CM2.1	–	restoring	below	2000m,	+1000	year	spinup	+	restoring	to	NCEP	reanalysed	large	scales	

	 	 				Data	assimila.on:	EnKF-c	variant	ocean	(u,	v,	T,	S,	eta)		

•  Ocean	observa.ons	assimilated	are	T	&	S	(Argo,	XBT,	CTD	TAO	etc),	satellite	products:	al.metry,	SSS,	SST	

•  	Atmosphere	nudging	to	(NCEP,	JRA-55)	reanalysis	(u,	v,	q,	t,	ps)	–	experimenta.on	of	e-folding	.mes	and	nudging	fields		

•  2nd	DA	applied	to	generate	appropriate	Coupled	covariances	between	ocean	and	atmosphere	used	in	updates	

•  Generalized	implementa.on	of	BV	ensemble	used	to	ini.alize	forecasts	i.e.	flexible,	relocatable	etc	
	
•  Systema.c	sensi.vity	study	carried	out	i.e.	covariance	localiza.on,	weigh.ng	of	obs,	BV	rescaling	periods	and	regions	~		

about	20-30	ten	year	assimila.on	/	reanalyses.	Tendencies	used	for	covariances.	
	
In	progress:	
	
•  BV	ensemble	used	to	update	background	covariances	(40	members)	
•  Next	stage	will	be	40	member	ETKF	+	BV	ensemble	predic.on	system	

•  Idealised	studies	to	explore	covariant	Lyapunov	vectors	con.nue.	

•  Parallel	development	of	alternate	methods	for	coupled	DA:	variants	of	ETKF,	higher	order	moments	etc	in	idealised	
systems	e.g.	coupled	Lorenz	a@ractors,	closure	models	etc	(Sakov	&	Sandery	(BoM),	Nadiga	(LANL),	Franzke	(U.	
Hamburg))	

Developing	strategy	and	.meline	for	implementa.on	into	ACCESS	(MOM+UM):		Implementa.on	into	ACCESS	CM2	to	begin	
in	January	2017	



-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  20  40  60  80  100  120  140  160
 0

 50000

 100000

 150000

 200000

 250000

 300000

SA
L

# 
ob

se
rv

at
ion

s

cycle

f. MAD   
f. bias  

f. spread
# obs.   

2004/01/01 20016/06/01

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 70  80  90  100  110  120  130  140
 40000

 40500

 41000

 41500

 42000

 42500

 43000

SS
S

# 
ob

se
rv

at
ion

s

cycle20010/05/01 20015/01/01

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 0  20  40  60  80  100  120  140  160
 50000

 100000

 150000

 200000

 250000

 300000

TE
M

# 
ob

se
rv

at
ion

s

cycle2004/01/01 20016/06/01

-1

-0.5

 0

 0.5

 1

 1.5

 2

 0  20  40  60  80  100  120  140  160
 50000

 51000

 52000

 53000

 54000

 55000

 56000

SS
T

# 
ob

se
rv

at
ion

s

cycle2004/01/01 20016/06/01

-0.06

-0.04

-0.02

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0  20  40  60  80  100  120  140  160
 45000

 46000

 47000

 48000

 49000

 50000

 51000

 52000

SL
A

# 
ob

se
rv

at
ion

s

cycle2004/01/01 20016/06/01

Example	of	global	ocean	assimila.on	sta.s.cs,	SLA,	SSS,	SST,	T	&	S	
Scale	localiza.on	(400-800km)	and	obs	impact	R-Factors	(2).	



(contours)
(shaded)

Example	of	DA	increments	derived	from	ocean	and	coupled	covariances	
Dec	2015	(4000km	localiza.on	R-Factor	64	.i.e.	scaled	to	tendency)	



day 3 - wind stress anomalies at surface (shaded)
 control Z_500mb (contours) 

days 6 & 9 anomalous Z_500mb & PV at 450mb (shaded)
 control Z_500mb (contours)

Case	1:	Coherent		atmospheric	
response	to	upper	ocean	BVs	out	
to	2	weeks	dependent	on	
disturbances	gekng	into	the	
midla.tude	jets.		

days	6	&	9	control	precipita.on	



Case	2:	At	1	month	(30th	April	year	7)		

Note:	we	have	projected	onto	the	tropical	
ocean	but	there	is	a	significant	coherent	
response	in	the	troposphere	at	the	NH	
midla.tudes	via	modula.on	of	the	Hadley	
Cell.	
	
Poten.al	for	longer	.mescales	via	Rossby	
wave	breaking	on	PNA	etc.	

Ensemble	mean	of	perturba.on	vectors	(shaded)	
Control	(contours)	

Ensemble	mean	of	perturba.on	vectors	(shaded)	
Control	(contours)	

Ensemble	mean	of	perturba.on	vectors	(shaded)	
Control	(contours)	
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X - 24 MONSELESAN ET AL: CLIMATE INTERNAL MEMORY

Figure 3. As in Figure 1 but for SSH variances calculated from an ensemble average of the

de-drifted pre-industrial control CMIP5 simulations.
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Figure 1. SSH variances calculated from the de-trended CSIRO gridded altimeter product

(TPJ) over the period JAN 1993–DEC 2013. Time-scale bands (bold font) are in years and

relative explained variance range (normal font) as a fraction of the total variance are given on

the Eurasian continent. Note that the shading is scaled to the explained variance range in each

sub-plot.

Figure 2. As in Figure 1 but for SSH variances from the de-trended NCEP-CSFR reanalysed

dynamic sea surface height (⌘) over the period JAN 1979–DEC 2010.
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Figure 3. As in Figure 1 but for SSH variances calculated from an ensemble average of the

de-drifted pre-industrial control CMIP5 simulations.
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Figure 3. As in Figure 1 but for SSH variances calculated from an ensemble average of the

de-drifted pre-industrial control CMIP5 simulations.

D R A F T August 30, 2014, 8:55am D R A F T

Where is the memory? Singular Spectral Analysis of CMIP5 pre-industrial control simulations.



Global	ocean	reanalyses	1990-2007:	Ocean	–	Sea	Ice	model	(MOM4p1)	
	
Argo,	CTD,	XBT,	SST,	Al.metry	

!
"#$%&'! (9*! E#3'! '/04%+#0-! 10&! +2'! 30-+245! 3',-! 10&'7,6+! ,-.! ,-,456#6!
#--0/,+#0-6! +2&0%$2! +2'! %88'&! );;;3! ,40-$! +2'! F,7#1#7! ,/'&,$'.! 0/'&! C9;0!
4,+#+%.'!,A0%+!+2'!'D%,+0&B!!
!
!
!

Argo	period	



Role	of	salinity	
	
SSS	10S-10N	

[Curry et al., 2003; Grodsky et al., 2006; Delcroix et al., 2007; Cravatte et al., 2009] salinity point to an intensifi-
cation of the hydrological cycle. One caveat on such arguments is that they typically assume thermody-
namic equilibrium and statistical stationarity of the underlying data and that the observed linear trends
arise largely as a result of the influence of external covariates, for example increasing CO2 contributing to
anthropogenic warming.

Due to the paucity of global observations, recent estimates of long-term SSS changes (linear trends) [Durack
and Wijffels, 2010; Durack et al., 2012] are necessarily biased toward the most recent decades post 1990, and
in particular to the Argo period post 2001. In addition, estimates of SSS variability based on ocean models
and reanalyses show a certain degree of spread. To illustrate this point, we consider a simple calculation of
tropical SSS averaged between 108S and 10!N (Figure 1), comparing a range of state-of-the-art reanalyses
and forced ocean models thereby demonstrating the huge uncertainties in reliably estimating the long-
term variability of SSS prior to the deployment of Argo profiles. Post 2001 however, there is a dramatic
reduction in the spread across the reanalyses as data from Argo profiles becomes available and the models
become better constrained.

Given the lack of observational data and large uncertainties in reanalyses over the period prior to Argo, we
propose a hierarchical approach to understand the variability of upper ocean salinity. Specifically, we con-
sider intrinsic, forced, and internal salinity variability as described by long integrations from ocean general
circulation model simulations and a large ensemble of CMIP5 preindustrial control simulations comprising
several thousands of years of data. We then compare the spatiotemporal patterns of variability from these
simulations with those from a representative 55 year ocean reanalysis and from reliable estimates from a
skilful reanalysis based only on the Argo period.

The analysis here focuses on the spatiotemporal patterns of SSS and the ocean salinity stratification (OSS);
here defined as the stabilizing effect (positive values) due to the haline part of the Brunt V€ais€al€a frequency
(N2) over the upper 500 m. We also identify regions where salinity acts to destabilize the upper ocean
(OSSU: negative values of OSS). We limit our focus only to those large-scale signals in salinity that are robust
across models and reanalyses, and recognize that there will be many important regional signals that will
not be discussed. This work builds on and extends the recent study of Maes and O’Kane [2014] which

Figure 1. Time series of SSS values (psu) averaged between (1808E–1808W, 108S–108N) including reanalyses: ORAS4 (black), GECCO2
(blue), SODA (red), NCEP (thick purple), and CSIRO (thin purple with stars); forced ocean models: DRAKKAR (green), CORE2 (light blue). The
NCEP ocean reanalysis uses only in situ data (D. Behringer, personal communication, 2014). An offset has been applied to all time series
and referenced to the NCEP series, with values of 0.15 (ORAS4), 0.12 (DRAKKAR), 0.05 (SODA), 20.1 (GECCO2), 0.1 (CORE2), and 0.1 (CSIRO),
respectively. A 13 month Hanning filter has also been applied to all time series.

Journal of Geophysical Research: Oceans 10.1002/2015JC011523

O’KANE ET AL GLOBAL SALINITY MODES OF VARIABILITY 2



dominant in the winter season (JFM) (Figure 5). It should be noted that the OSS exists also in the southwest-
ern Atlantic Ocean near 10!S and it dominates the thermal effect during the boreal fall and winter season.
In the Gulf of Guinea, the OSS exhibits large values but its ratio in comparison with the thermal effect
remains modest throughout all the seasons (Figure 5). Being localized and close to the surface (see Figure
1) suggests that the OSS could have an indirect impact on SST (and on the mixed layer depth), and the cou-
pling sensitivity of the Atlantic cold tongue, and consequently on the onset of the West African monsoon

Figure 6. Independent vertical profiles of (left, in !C) temperature, (middle, in psu) salinity, and (right, in cph) N2(T, S) collected by two Argo floats near 14!S–118!W in the tropical Pacific
during 2008. The profiles are shown by season, following the JFM, AMJ, JAS, and OND periods, from bottom to top, respectively. On each panel, the average seasonal profile (2001–2007)
at this location from the present reanalysis is shown in red.

Journal of Geophysical Research: Oceans 10.1002/2013JC009366
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Seasonal variations of the upper ocean salinity stratification in
the Tropics
Christophe Maes1 and Terence J. O’Kane2,3

1IRD, LEGOS, UMR Universit!e Paul Sabatier/IRD/CNRS/CNES, Toulouse, France, 2CSIRO Marine and Atmospheric Research,
Hobart, Tasmania, Australia, 3Center for Australian Weather and Climate Research, Melbourne, Victoria, Australia

Abstract In comparison to the deep ocean, the upper mixed layer is a region typically characterized by
substantial vertical gradients in water properties. Within the Tropics, the rich variability in the vertical shapes
and forms that these structures can assume through variation in the atmospheric forcing results in a differ-
ential effect in terms of the temperature and salinity stratification. Rather than focusing on the strong
halocline above the thermocline, commonly referred to as the salinity barrier layer, the present study takes
into account the respective thermal and saline dependencies in the Brunt-V€ais€al€a frequency (N2) in order to
isolate the specific role of the salinity stratification in the layers above the main pycnocline. We examine
daily vertical profiles of temperature and salinity from an ocean reanalysis over the period 2001–2007. We
find significant seasonal variations in the Brunt-V€ais€al€a frequency profiles are limited to the upper 300 m
depth. Based on this, we determine the ocean salinity stratification (OSS) to be defined as the stabilizing
effect (positive values) due to the haline part of N2 averaged over the upper 300 m. In many regions of the
tropics, the OSS contributes 40–50% to N2 as compared to the thermal stratification and, in some specific
regions, exceeds it for a few months of the seasonal cycle. Away from the tropics, for example, near the
centers of action of the subtropical gyres, there are regions characterized by the permanent absence of
OSS. In other regions previously characterized with salinity barrier layers, the OSS obviously shares some
common variations; however, we show that where temperature and salinity are mixed over the same depth,
the salinity stratification can be significant. In addition, relationships between the OSS and the sea surface
salinity are shown to be well defined and quasilinear in the tropics, providing some indication that in the
future, analyses that consider both satellite surface salinity measurements at the surface and vertical profiles
at depth will result in a better determination of the role of the salinity stratification in climate prediction
systems.

1. Introduction

The conceptual view of the ocean vertical structure is based on the definition of several layers where the
properties of the water parcels exhibit different levels of vertical uniformity. At the surface, turbulence gen-
erated by the wind and buoyancy fluxes creates a layer through active vertical mixing and energy dissipa-
tion. This mixed layer occurs because of temporal variations in turbulence intensity and is defined as the
upper portion of the surface layer where the temperature and salinity, and thus density, are well mixed and
exhibit a vertically uniform structure characterized by a uniform density profile. The depth over which such
mixing processes occurs is ultimately determined by the balance between the destabilizing effects of
mechanical input and the stabilizing effects of the surface buoyancy. Below the mixed layer depth (MLD),
stratification occurs and results in the presence of the seasonal and permanent pycnocline, i.e., where the
vertical density gradients are maximum. In temperature, this highly stratified zone is referred to as the ther-
mocline, and in the case of salinity it is called the halocline. The base of the main pycnocline marks the
depth limit of the upper ocean surface layer.

In the absence of direct turbulent dissipation measurements, the different depths of the upper ocean layers
are commonly derived from profile data using threshold or other proxy variables. The different methodolo-
gies often yield different values for the MLD depending on the source of data and definition used for the
upper ocean features [e.g., Thomson and Fine, 2003]. In the Tropics, another level of complexity in the verti-
cal structure of the surface layer was revealed by large differences between the bases of the thermocline
and halocline in the western equatorial Pacific [Lukas and Lindstrom, 1991]. This phenomenon is not only

Key Points:
! Describe ocean salinity stratification

(OSS)
! Describe its seasonal variations
! Relate the OSS to the surface SST and

SSS fields
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! Figure S1–S4
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differences and the CSIRO SSS amplitude is typically
larger during the � warm season � of the cold tongue vari-
ability as compared to NCEP (red and green curves).
The recent period shows another interesting result and
behavior of the NCEP reanalysis: if the full SSS varia-
bility within the Wyrtki box is close to the SMOS obser-
vations (light blue curve) the SSS of the cold tongue
waters exhibit a substantial low bias (around 0.2) in the
NCEP reanalysis, while the phase remains good. In the
absence of SSS observations and salinity profiles from
the fixed tropical moorings, the present NCEP reanalysis
uses synthetic salinity profiles based on local TS correla-
tions combined with a correction term that dampens the
SSS to climatology. Both of these methodologies will
drive the SSS toward climatology and act to freshen the
SSS simulated by the NCEP model. Whether or not this
effect could impact the SST simulation of the cold
tongue needs to be investigated in more detail.
Observed differences between the monthly mean

fields from SMOS and uppermost (typically 5 m) Argo

observations in the cold tongue might have several
sources. SMOS SSS is retrieved from the radiometer data
after correcting for geophysical contributions to the mea-
sured radiation such as atmospheric effects, external
source radiation (sun and galaxy), sea surface roughness,
SST, etc.� The retrieval algorithm thus requires a priori
auxiliary information such as sea surface roughness de-
scriptors (e.g., wind speed) and we use those predicted by
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) operational system. Strong SST gradients,
differing atmospheric stability regimes, equatorial current
modulation of the sea surface roughness and diurnal vari-
ability of the upper ocean associated with sub-grid scale
processes in the equatorial cold tongue are known to con-
tribute to significant biases in such descriptors from the
ECMWF system [18]. This may explain partly why SMOS
retrieved SSS is observed to be in general saltier (+0.1
to +0.2) than in situ observations along the equator.
Presently, the large uncertainty in estimates of the

magnitude of freshwater exchanges between the ocean

Figure 3 Timeseries of (top) SST and (bottom) SSS fields from NCEP averaged over the Wyrtki box (black lines). For SST the SST variations
associated with the waters denser than 23.0 kg/m3 are superimposed for the SMOS (blue), NCEP (red) and CSIRO (green) analysis. For SSS, the SMOS
estimate over the full domain is shown in light blue, the color code remaining unchanged for the other curves and corresponds to the same criterion
as shown in the SST part.
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The salinity signature of the equatorial Pacific cold
tongue as revealed by the satellite SMOS mission
Christophe Maes1,2*, Nicolas Reul3, David Behringer4 and Terence O � Kane5

Abstract

The space-borne measurements of the SMOS mission reveal for the first time the complete features of the sea
surface salinity (SSS) signature at the full scale of the Pacific basin. The SSS field in the equatorial cold tongue is
typically found to be larger than 35.1 within a narrow 2� band of latitude that is positioned slightly south of the
equator and that stretches across the eastern Pacific basin up to the Galapagos Islands. On the northern edge of
the eastern equatorial Pacific this signature results in a very strong horizontal gradient (larger than 2 units over
100 km) with the fresh waters of the Panama warm pool. By considering a water density criterion, it can be shown
that the cold tongue is characterized by a strong seasonal cycle with a 3�C amplitude in SST where the warm
season of February-March contrasts with the cold period extending from September to November. If the present
ocean reanalyzes are able to capture these features, then the assimilation of the SMOS data becomes a worthwhile
objective in order to depict more accurately the salinity signature of the cold tongue of the tropical Pacific.

Keywords: Physical oceanography; Cold tongue; Salinity; Remote sensing data; Pacific ocean

Background
The classic paradigm of interannual climate variability
in the Tropics involves positive feedback of ocean �
atmosphere interaction, the Pacific cold tongue and the
El Ni�o/Southern Oscillation (ENSO) phenomenon [4,
11]. The Tropical Pacific Ocean features the largest con-
trast in Sea Surface Temperature (SST) along the equator
from the warm pool in the west (>28�C) to the cold
tongue in the east (~20�C), near the Galapagos Islands.
Ocean� atmosphere interactions can amplify SST anomal-
ies of the cold tongue to sustain either a warm or a cold
phase of ENSO, or to generate persistent anomalies with
important global impacts like drought [10]. Bjerknes� pro-
posed a positive feedback mechanism whereby the ocean
interacts with the tropical atmosphere (Walker circula-
tion) to reinforce an initial positive SST anomaly in the
equatorial eastern Pacific resulting in weaker trade winds
further reducing the east� west SST gradient and ulti-
mately producing the warm-phase of ENSO. On longer
timescales the cold tongue is also expected to play a

critical role in global warming and its recent hiatus [13,27]
as well as on inter-hemispheric and inter-basin exchanges
of water [29].
The equatorial cold tongue results from the divergence

of surface Ekman currents in response to the large-scale
southeast trade winds, which brings cool waters through
upwelling into the surface layers. As it represents a sub-
stantial part of the equatorial band where the ocean
gains a large contribution of heat from the atmosphere,
nuch attention has been given to various mechanisms
involved in the maintenance of the cold tongue. Re-
cently, Moum et al. [19] provide a quantitative assess-
ment of the influence of ocean small scale mixing events
occurring on timescales longer than a few weeks on the
seasonal cooling of SST. As opposed to the attention
given to the western equatorial Pacific where salinity
anomalies can significantly influence SST and ENSO
(i.e., [22, 33]), the salinity variability has been largely
ignored in the eastern Pacific cold tongue. In his pio-
neering study of the Pacific equatorial upwelling by
means of a simple box model Wyrtki [32] underlined
the difficulty of closing the salt budget due to the pre-
sence of a strong north � south gradient of salinity near
the equator. The recent satellite observations by the
ESA Soil Moisture and Ocean Salinity (SMOS) and the

* Correspondence: Christophe.Maes@ird.fr
1Institut de Recherche pour le D�veloppement (IRD), Laboratoire d � Etudes en
G�ophysique et Oc�anographie Spatiales (LEGOS), Toulouse, France
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Brest, France
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where b is the haline contraction coefficient, a is the thermal expansion coefficient, g is gravity, q is the den-
sity, T is the temperature, S is the salinity, and z is the depth. Throughout and for convenience, we will use
the abbreviated notation

N2
T T ; Sð Þ! N2 Tð Þ; N2

S T ; Sð Þ! N2 Sð Þ

In the following, the ocean salinity stratification (OSS) is defined in terms of the difference between N2(T, S)
and N2(T) thereby allowing the identification of the layer where the salinity stratification has its greatest
impact on buoyancy in terms of stabilizing the water masses [Maes, 2008]. Specifically, we define OSS as the
vertical mean average of positive N2(S) over the upper 300 m depth range, i.e.,

OSS5hN2 T ; Sð Þ2N2 Tð Þi02300m

where

N2 T ; Sð Þ2N2 Tð Þ > 0

which typically occurs above the maximum of N2(T, S). Importantly, the OSS measures the strength of the
salinity stratification above the main thermocline and is independent of the position of the mixed layer.
Where the OSS is negative, salinity has a destabilizing effect and can, where N2(T) is attenuated, be further
associated with regions of density compensation [see O’Kane et al., 2013b, and references therein]. Such
regions are to be the subject of a future study.

3. Results

Reanalyzed daily profiles of temperature, salinity, and potential density are used to calculate the Brunt V€ais€al€a
frequency and determine the annual mean and seasonal cycle over the period 2001–2007. Figure 1a shows
the annual mean depth of the maximum of N2(T, S) along the water column. This allows one to identify the
position of the permanent pycnocline and further determine regions of substantial vertical gradients in water
properties. Within the 10$N–10$S band of the Atlantic and Pacific Ocean, the depth patterns of the pycnocline
surface are close to the depth of the 20$C isotherm (used as a proxy for the thermocline depth, not shown),
revealing the predominance of the thermal effect. At the scale of these basins, the large gradient between the
deeper western and shallower eastern thermocline is due to the response to the trade winds. In the Indian
Ocean, the mean equatorial structure across the basin is zonally flattened at the scale of the basin, a fact that
is also related to the monsoon regime differences in the wind field features. Outside the tropical band, the
maximum N2(T, S) values are reached near the center of the subtropical gyres and in the western boundary
currents of the Kuroshio and, to a lesser extent, the Gulf Stream. The absolute largest N2(T, S) values are found
in the southeastern Pacific Ocean, with typical depths of 300 m in the mean. Globally, these features are con-
sistent with our current knowledge of flows within the thermocline and the wind driven circulation.
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revealing the predominance of the thermal effect. At the scale of these basins, the large gradient between the
deeper western and shallower eastern thermocline is due to the response to the trade winds. In the Indian
Ocean, the mean equatorial structure across the basin is zonally flattened at the scale of the basin, a fact that
is also related to the monsoon regime differences in the wind field features. Outside the tropical band, the
maximum N2(T, S) values are reached near the center of the subtropical gyres and in the western boundary
currents of the Kuroshio and, to a lesser extent, the Gulf Stream. The absolute largest N2(T, S) values are found
in the southeastern Pacific Ocean, with typical depths of 300 m in the mean. Globally, these features are con-
sistent with our current knowledge of flows within the thermocline and the wind driven circulation.

The vertical structure of the upper ocean is primarily defined by changes in the temperature and salinity
fields that together control the water column’s density structure. A consequence of this is that the thermo-
cline and the halocline may not always exactly coincide in their depth range. This is also true for their

Journal of Geophysical Research: Oceans 10.1002/2013JC009366

MAES AND O’KANE VC 2014 American Geophysical Union. All Rights Reserved. 4

N2 T ; Sð Þ52
g
q
@q
@z
# ga

@T
@z

2gb
@S
@z

! "

5N2
T ðT ; SÞ1N2

SðT ; SÞ

where

N2
T ðT ; SÞ5ga

@T
@z

N2
SðT ; SÞ5N2 T ; Sð Þ2N2

T ðT ; SÞ

a52q21 @q
@T

b5q21 @q
@S

where b is the haline contraction coefficient, a is the thermal expansion coefficient, g is gravity, q is the den-
sity, T is the temperature, S is the salinity, and z is the depth. Throughout and for convenience, we will use
the abbreviated notation

N2
T T ; Sð Þ! N2 Tð Þ; N2

S T ; Sð Þ! N2 Sð Þ

In the following, the ocean salinity stratification (OSS) is defined in terms of the difference between N2(T, S)
and N2(T) thereby allowing the identification of the layer where the salinity stratification has its greatest
impact on buoyancy in terms of stabilizing the water masses [Maes, 2008]. Specifically, we define OSS as the
vertical mean average of positive N2(S) over the upper 300 m depth range, i.e.,

OSS5hN2 T ; Sð Þ2N2 Tð Þi02300m

where

N2 T ; Sð Þ2N2 Tð Þ > 0

which typically occurs above the maximum of N2(T, S). Importantly, the OSS measures the strength of the
salinity stratification above the main thermocline and is independent of the position of the mixed layer.
Where the OSS is negative, salinity has a destabilizing effect and can, where N2(T) is attenuated, be further
associated with regions of density compensation [see O’Kane et al., 2013b, and references therein]. Such
regions are to be the subject of a future study.

3. Results

Reanalyzed daily profiles of temperature, salinity, and potential density are used to calculate the Brunt V€ais€al€a
frequency and determine the annual mean and seasonal cycle over the period 2001–2007. Figure 1a shows
the annual mean depth of the maximum of N2(T, S) along the water column. This allows one to identify the
position of the permanent pycnocline and further determine regions of substantial vertical gradients in water
properties. Within the 10$N–10$S band of the Atlantic and Pacific Ocean, the depth patterns of the pycnocline
surface are close to the depth of the 20$C isotherm (used as a proxy for the thermocline depth, not shown),
revealing the predominance of the thermal effect. At the scale of these basins, the large gradient between the
deeper western and shallower eastern thermocline is due to the response to the trade winds. In the Indian
Ocean, the mean equatorial structure across the basin is zonally flattened at the scale of the basin, a fact that
is also related to the monsoon regime differences in the wind field features. Outside the tropical band, the
maximum N2(T, S) values are reached near the center of the subtropical gyres and in the western boundary
currents of the Kuroshio and, to a lesser extent, the Gulf Stream. The absolute largest N2(T, S) values are found
in the southeastern Pacific Ocean, with typical depths of 300 m in the mean. Globally, these features are con-
sistent with our current knowledge of flows within the thermocline and the wind driven circulation.

The vertical structure of the upper ocean is primarily defined by changes in the temperature and salinity
fields that together control the water column’s density structure. A consequence of this is that the thermo-
cline and the halocline may not always exactly coincide in their depth range. This is also true for their

Journal of Geophysical Research: Oceans 10.1002/2013JC009366

MAES AND O’KANE VC 2014 American Geophysical Union. All Rights Reserved. 4

Ocean	Salinity	Stra.fica.on	(O’Kane,	Monselesan	&	Maes	JGR-Oceans	2016)	

CORE2	1948-2007	 Reanalysis	–	Argo	period	



43 
 

 
 
Figure 13: (a) Global sea surface temperature (K) annual mean for the period 1870-2010 
based on the HADISST dataset with the linear trend line; (b) composite states from cluster 
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Figure 1 |Global SST trends over the 1900–2008 period. a–h, SST trends for various datasets. The corresponding global mean SST trend has been
subtracted. White grid boxes denote insufficient data and grey boxes indicate trends that are not statistically significant at the 95% confidence level. i, SST
trends averaged over the mid-latitude extensions of the subtropical western boundary currents in each dataset (labels a–h stand for different datasets).
Error bars denote the 95% confidence interval. Boundary current regions include the Kuroshio Current (KC; 25� E–150� E, 25� N–38� N), the Gulf Stream
(GS; 75� W–45� W, 38� N–48� N), the Eastern Australian Current (EAC; 150� E–165� E, 44� S–34� S), the Brazil Current (BC; 58� W–35� W, 48� S–35� S)
and the Agulhas Current (AC; 25� E–60� E, 45� S–35� S). GM is global mean.

Table 1 |Mean SST warming trends and standard deviations of global and regional subtropical western boundary currents over
different periods (�C per century) for eight different datasets.

Period Global mean Kuroshio Current Gulf Stream East Australian Current Brazil Current Aguhlas Current

1900–2008 0.62±0.14 1.29±0.30 1.02±0.37 1.30±0.23 1.28±0.15 1.40±0.40
1900–1949 0.60±0.18 1.33±0.25 2.31±0.15 0.90±0.15 1.13±0.18 1.71±0.20
1950–2008 0.71±0.22 1.10±0.31 0.90±0.30 1.37±0.23 1.93±0.28 1.31±0.42

platforms or instruments15, so the consistency between different
datasets suggests a robust process responsible for the accelerated
warming over the global subtropical western boundary currents

and their extensions. The magnitude of the warming trend varies
with dataset but the ensemble mean of these eight datasets is about
1.2 �C per century over all the regions (Table 1).
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and the Agulhas Current (AC; 25� E–60� E, 45� S–35� S). GM is global mean.

Table 1 |Mean SST warming trends and standard deviations of global and regional subtropical western boundary currents over
different periods (�C per century) for eight different datasets.

Period Global mean Kuroshio Current Gulf Stream East Australian Current Brazil Current Aguhlas Current

1900–2008 0.62±0.14 1.29±0.30 1.02±0.37 1.30±0.23 1.28±0.15 1.40±0.40
1900–1949 0.60±0.18 1.33±0.25 2.31±0.15 0.90±0.15 1.13±0.18 1.71±0.20
1950–2008 0.71±0.22 1.10±0.31 0.90±0.30 1.37±0.23 1.93±0.28 1.31±0.42

platforms or instruments15, so the consistency between different
datasets suggests a robust process responsible for the accelerated
warming over the global subtropical western boundary currents

and their extensions. The magnitude of the warming trend varies
with dataset but the ensemble mean of these eight datasets is about
1.2 �C per century over all the regions (Table 1).
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361that this is not the same region used before (see Figure 3a) but is very similar, largely overlapping, and
362more convenient for the calculation of instabilities. The pattern of change in temperature between the two
363runs shows a warming of 1–28C focused in the upper 500 m across all latitudes (Figure 7c). The thermocline
364depth, defined by a maximum in dT/dz, has not changed between the two runs along southeastern Aus-
365tralia (not shown). However, the increased stratification has likely increased lateral density differences and
366available potential energy in the separation region. More energy in the thermocline in the EAC separation
367region would lead to larger anomalies (i.e., eddies) associated with eddy generation.

368This increased upper-ocean energy is reflected in changes to the mean EKE and baroclinic and barotropic insta-
369bilities along the EAC Extension (Figure F88). The mean EKE, which tends to peak near the EAC separation point
370(!338S), is projected to increase from around the EAC separation point southward all along the EAC Extension
371to !458S (Figures 8a and 8b). The transfer rate of energy from mean potential energy to EKE, cPE, representing
372baroclinic instabilities associated with the growth of eddies, is high north of the separation point in the CTRL
373and is projected to increase significantly at the separation point in the A1B run (Figures 8c and 8d). The transfer
374rate of energy from mean kinetic energy to EKE, cKE, representing barotropic instabilities associated with the
375long-term stability of eddies, is high in the region of large EKE and is smaller than cPE by a factor of!4. The pro-
376jected change in cKE in the A1B run has a very similar pattern to the projected change in cPE, i.e., large increases
377localized around the EAC separation point with weaker changes elsewhere (Figures 8e and 8f). These results are
378also consistent with the study of Sloyan and O’Kane [2015] who showed systematic changes associated with
379warmer SSTs in the Tasman Sea over the recent decades has resulted in stronger stratification above the ther-
380mocline, larger thermocline temperature gradients, and enhanced transfer rates of mean to transient potential
381energy (i.e., increased baroclinic instability conversion).

3826. Discussion and Conclusions

383This study has investigated projected future changes to the mesoscale eddy field along the southeast coast
384of Australia from eddy-resolving ocean model simulations based on dynamically downscaled global climate
385change projections. The model simulations consisted of a historical run, with reanalysis-derived surface forc-
386ing representative of the 1990s, and a projected run, with projected changes in surface forcing to the 2060s

Figure 8. (top) Eddy kinetic energy (EKE) and rates of energy conversion to EKE from (middle) mean potential energy (cPE, due to baroclinic instability) and (bottom) mean kinetic energy
(cKE, due to barotropic instability) for (left) the CTRL run (black line) and the A1B run (red line) and (right) their difference. These quantities are shown as a function of latitude, integrated
vertically over 0–1500 m (which is sufficient to capture the depth range of instability [e.g., O’Kane et al. [2011]) and zonally over a band of 108 longitude bounded on the west by the shelf
break (or 1478E south of Tasmania).
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