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"What I cannot create, I do not understand"

"Know how to solve every problem that has been solved."

Richard Feynman's blackboard at time of his death



"... The islanders expect a great airplane to arrive. They even build

wooden airplanes of the same shape as they see in the foreigners'

airfields around them, but strangely enough, their wood planes do not

fly.

The result of this pseudoscientific imitation is to produce experts, which

many of you are.

As a matter of fact, I can also define science another way: Science is

the belief in the ignorance of experts.

When someone says, "Science teaches such and such," he is using the

word incorrectly. Science doesn't teach anything; experience teaches

it. If they say to you, "Science has shown such and such," you might

ask, "How does science show it? How did the scientists find out? How?

What? Where?"

It should not be "science has shown" but "this experiment, this effect,

has shown." And you have as much right as anyone else, upon hearing

about the experiments--but be patient and listen to all the evidence--to

judge whether a sensible conclusion has been arrived at.

It is necessary to teach both to accept and to reject the past with a

kind of balance that takes considerable skill. Science alone of all the

subjects contains within itself the lesson of the danger of belief in the

infallibility of the greatest teachers of the preceding generation."

Richard Feynman, "What is Science?", The Physics Teacher v.7, issue

6, pp. 313-320, 1969



Abstract

This thesis investigates the structure of the broad near-surface eastward flow

that dominates the circulation of the South Indian Ocean (SIO). This eastward

flow extends from Madagascar to western Australia between 20°S and 30°S and

is now known as the South Indian Countercurrent (SICC). The study also includes

the tropical Eastern Gyral Current (EGC), located east of 90°E, spanning between

15°S and 20°S. Both currents advect waters into the Leeuwin Current, the only

poleward-flowing eastern boundary current of the global ocean. A particularly

interesting feature of these eastward currents is that they flow in a direction

opposite to that predicted by the classical theories of wind-driven circulation.

In a broad sense, this study aims to build a detailed picture of these quasi-

zonal currents that are still poorly known. Specific goals of this thesis include:

i) to characterize the mean structure of the SICC and associated fronts; ii) to

investigate whether the genesis of the SICC can be explained by the Subtropical

Countercurrent-Potential Vorticity (STCC-PV) paradigm, as suggested in the

literature; iii) to analyse the SICC variability across interannual time scales; iv)

to explore newly available salinity data and to verify if the salinity pattern is a key

factor in understanding the peculiar distribution of the SIO eastward currents.

These goals are accomplished by thorough analyses of several in situ and remote

sensing datasets, reanalysis products, and high-resolution simulations that only

recently became available. Several diagnostic quantities are derived from these

datasets to help understand the physics of the eastward currents. Diverse tools

of analysis (e.g. Empirical Orthogonal Functions(EOF), Complex EOF, Singular

Spectrum Analysis and Wavelet) are used to extract the maximum possible

information from these large datasets.

The thesis is organized into four self-contained papers, each one studying

different aspects of the goals described above.

A first major finding is that the tropical eastward Eastern Gyral Current is

very likely a salinity-driven current. In the EGC region, salinity overwhelms

the temperature contribution to density gradients, generating a near-surface

eastward geostrophic vertical shear that forms the EGC. It is shown that without



the strong salinity front between the fresh waters of the Indonesian Throughflow

and the salty subtropical waters, the EGC cannot be maintained.

Analysis of the new Aquarius satellite sea surface salinity and Argo floats data

led to the second major finding of this research. The annual cycle of sea surface

salinity (SSS) in the SIO is characterized by propagating features that can be

interpreted as a superposition of propagating planetary wave modes (Kelvin and

Rossby waves). This is the first work in the literature to detect signatures of

Rossby waves in observed SSS fields. Previously, Rossby wave signatures in

SSS have been described only from high-resolution model runs (HYCOM). The

SIO salinity waves are shown to be strikingly different from the sea surface height

waves obtained by altimetry.

The third major finding is the multiple jet structure of the SICC. Although

the SICC and the EGC look similar in a circulation map, they are dynamically

different. The SICC vertical shear arises from thermal meridional gradients while

the EGC is generated by salinity gradients. The STCC-PV theory only explains

the existence of the southern SICC jet. The SICC multiple jet structure seems

to be more related to the formation of PV staircases in the SIO. This result

suggests that the dynamics of the SICC jets is basically related to wave-mean

flow interaction processes.

The SICC interannual variance is dominated by the quasi-biennial band. This

band has two distinct spectral peaks, with the main peak in the 1.5-1.8 yr

interval and a secondary (weaker) peak centred at 2.1-2.5 yr, the latter mostly

occurring west of 80°E. Interannual and decadal-type modulations of the quasi-

biennial signal are also identified. Within the quasi-biennial band the SICC flow

presents two main configurations with a multiple jet structure. One pattern

is characterized by a robust northern jet, while in the other the central jet is

more well developed. The quasi-biennial signal propagates westward with phase

speeds characteristic of Rossby waves. Interestingly, in the southern SICC jet

domain the observed quasi-biennial Rossby wave is 2 to 5 times faster than that

predicted by the standard linear Rossby wave theory. The brief analysis of the

quasi-biennial Rossby wave stresses the importance of taking into account the

vertical structure of the SICC in order to fully understand the interannual Rossby

wave propagation characteristics in the South Indian Ocean.
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Chapter 1

Introduction

A striking aspect of the upper-ocean circulation of the South Indian Ocean (SIO)

is the presence of near-surface eastward currents flowing between the latitudes

of 15°S and 30°S all the way across the basin from Madagascar to Australia,

in a direction opposite to that predicted by classical theories of wind-driven

circulation, e.g., Ekman and Sverdrup theories (Figure 1.1).

Eastward currents flowing against the prevailing winds are common features

occurring in the subtropical oceans (Figure 1.2). Generally, these currents are

referred to as Subtropical Countercurrents (STCC) (e.g., Kobashi et al., 2006;

Kobashi and Kubokawa, 2012; Merle et al., 1969; Memery et al., 2000; Qiu

and Chen, 2004; Qiu et al., 2008; Vianna and Menezes, 2010, and references

therein). They were first described in the North Pacific by the pioneering works

of Yoshida and Kidokoro (1967a), Yoshida and Kidokoro (1967b) and Uda and

Hasunuma (1969).

The STCCs are shallow, density-driven geostrophic flows associated with sub-

surface thermal fronts at thermocline depths (100-200 m). In the North Pacific,

the subsurface thermal fronts are a result of the interaction of dynamic (wind-

driven) and thermodynamic processes at the sea surface, in such a way that

either process alone cannot explain the existence of these fronts. This result
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Figure 1.1.: (a): Mean surface geostrophic circulation of the South Indian Ocean

relative to 1950 dbar for the 2004-2014 period, computed from the

Roemmich-Gilson Argo Climatology 2015 (Roemmich and Gilson,

2009). Colours are the zonal component u. Vectors represent

the direction and intensity of the surface geostrophic currents.

Only vectors with intensities greater than 2 cm/s are plotted.

(b): Sverdrup transport streamfunction (colour) derived from the

1999-2009 Quikscat SCOW atlas (Scatterometer Climatology of

Ocean Winds from Risien and Chelton, 2008). Black vectors show

the eastward geostrophic currents from (a). (c): Ekman transports

derived from the SCOW atlas are shown in blue vectors and the

eastward geostrophic currents from (a) in colour.
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Figure 1.2.: Absolute zonal geostrophic velocity at the surface (colour) in the

subtropical oceans from GOCO03S geoid model (GOCE Gravity

Observation Combination) and altimetry DTU-10 Mean Sea Surface

(Danish National Space Institute) for the period 1993-2009 (see

Menezes et al., 2012b,a, for a description about these datasets).

Overlaid vectors are the wind stress from SCOW atlas.
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was an important finding in the early eighties by Takeuchi (1984) and Cushman-

Roisin (1984).

In the modern STCC paradigm, the frontal strength is tightly related to low

potential vorticity (PV) regions (mode waters) at the pycnocline level and

poleward of the thermal front (Aoki et al., 2002; Kobashi et al., 2006; Kobashi

and Kubokawa, 2012, and references therein). In this paradigm, the formation

of a thick low PV layer on the poleward side of the STCC front pushes the upper

pycnocline upward, forming a meridional density front at the upper thermocline

level and a shallow eastward current by the thermal wind relation (Figure 1.3).

Due to the global distribution of subtropical mode waters as seen in Figure 1.4, a

STCC-like current is expected to exist in each of the subtropical oceans (Kobashi

and Kubokawa, 2012). However, to date, only the North Pacific STCC is well-

studied. Thus, most of the knowledge about subtropical countercurrents is based

on observational and theoretical studies in the North Pacific Ocean, which may

or may not be generally valid if applied to other ocean basins.

What makes the eastward currents of the South Indian Ocean unique is that

these currents are generally stronger, deeper and have a wedge-shaped spatial

distribution towards the east, with the thin edge centred at Madagascar and the

wide edge at the eastern boundary (Figures 1.2 and 1.5).

Despite their remarkable characteristics, the SIO subtropical eastward flows have

been perceived only recently as permanent features of the large-scale circulation,

and collectively termed as the South Indian Ocean Countercurrent (SICC) by

Palastanga et al. (2007):

"... an eastward flow from south Madagascar up to 75°E. The

eastward flow continues between 20°S–30°S from the central basin

to Australia... By analogy with the Pacific Ocean we will hereafter

refer to the Indian Ocean eastward jet as the South Indian Ocean

Countercurrent (SICC)" (Palastanga et al., 2007)
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This confirms that the frontal strength is tightly related to the
PV gradient integrated over the depth below the front.
[24] Figure 6 illustrates how an STF is associated with the

PV gradient. In this schematic, the main pycnocline is
represented by two isopycnals. The lower isopycnal deepens
northward as in a traditional subtropical gyre while the upper
isopycnal shoals northward capping a wedge-like low-PV
water mass. The shoaling upper pycnocline is where an STF
is located. This is quite typical of STFs as in Figure 1. If
we regard the lower pycnocline as deep isopycnal !b in
equation (3), the slope (@Z0/@y)! is negative. In order for
(@Z/@y)! to be positive (for an STF and eastward-flowing
STCC), the PV gradient deviation (" ! (f/q)(@q/@y)!) should
take a large positive value between the upper and lower
pycnoclines. In Figure 6, this is accomplished by a large
negative PV gradient on the southern edge of the low-PV
water mass north of the shoaling upper pycnocline.

4.2. Thermocline Structure of the STFs

[25] Here we examine the meridional and vertical structure
of the STFs analyzing properties on isopycnal surfaces. The
meridional density gradient (@!/@y)z was first calculated at
the standard depths from densities between adjacent grid
points, and then linearly interpolated with a density incre-
ment of 0.05 #$. PV was also computed from densities
between adjacent standard depths using (f/!)(D#$/Dz), where
D#$ is the potential density difference and Dz the depth
interval, and then was interpolated to isopycnal surfaces.
The PV gradient (f/q)(@q/@y)! was derived from the PV on
isopycnal surfaces. Figure 7 shows the meridional sections of
these properties at three longitudes, together with winter sea
surface density calculated from the February and March
climatologies.
[26] The STFs, identified as cores of strong positive

density gradient (@!/@y)z, are located just beneath the winter
mixed layer and southern of near-surface high PV cells in
the seasonal pycnocline. The northern and southern STFs
extend down to isopycnal surfaces of 25.5 – 25.7 #$
(Figures 7a and 7b), and the eastern STF extends slightly
deeper at 26.2 #$ (Figure 7c). All the STFs are anchored by
negative PV gradients underneath, broadly consistent with
the schematic in Figure 6 and equation (3). At shallower

depths, PV gradients are mostly greater than ", associated
with reduction of the isopycnal slope of the STFs toward the
surface (equation (3)), though the STFs are intensified there
due to the effect of the stratification of the upper pycnocline
(see equation (4)). The lower limit of the negative PV
gradient layer is found around 26.7 #$, which corresponds
roughly to the bottom of the ventilated thermocline of the
North Pacific [Talley, 1988].
[27] The vertical structure of the negative PV gradient

layer underneath each STF is noticeably different from that
for the others. To highlight the differences, we calculated the
mean profiles of the PV gradient averaged along each STF
and the 95% significant interval (Figure 8). At the northern
STF, the negative PV gradient is found in a density range of
25.0–25.7 #$ with a narrow peak of 25.4–25.5 #$. In
Figures 7a and 7b the northern front is located on the
southern part of STMW that appears as a prominent low
PV core centered at 25.4–25.5 #$ surfaces. The negative PV
gradients under the northern STF are caused by a northward
decrease in PV within the STMW core.
[28] In contrast to the northern STF, the negative PV

gradient at the eastern STF has a broad peak over a wide
density range of 25.6–26.5 #$ in the lower thermocline
(Figure 8). In Figure 7c the CMW core with a vertical PV
minimum is present in density of 26.1–26.5 #$ north of
31!N, away from the eastern STF located around 26!N. This
is quite different from the northern STF that lies adjacent to
the STMWcore. The negative PV gradients below the eastern
front are associated with low-PV waters south of this CMW
core as well as at a lighter density range of 25.7–26.1 #$ that
corresponds to the upper bound of the CMW.
[29] Similarly, the negative PV gradients under the

southern STF have a broad peak in the density range of
24.9–26.1 #$ between those for the northern and eastern
STFs (Figure 8). Figures 7a and 7b indicate that these
negative PV gradients are associated with low PV waters
north of the front; the southernmost extension of the STMW
(24.9–25.6 #$) and the upper CMW with vertically homo-
geneous PV in the density of 25.7–26.2 #$.
[30] Thus the negative PV gradients at the STFs are closely

associated with the STMW and the CMW. The situation is
quite different at the HLCC front at 19!–20!N in Figure 7c.
At the HLCC front, negative PV gradients occur in a deep
layer from 26.2 #$ to 24.0 #$ near the surface. Neither of the
STMW and CMW appears north of the front and makes no
contributions to the negative PV gradient. The HLCC is
driven by a local wind-forcing near Hawaii [Xie et al., 2001],
and the negative PV gradient probably results from the
adjustment to this wind-forcing.

4.3. Distributions of STMW and CMW

[31] To further study the horizontal circulation of the mode
waters, the PV distribution of the mode waters was mapped
on isopycnals at 0.1 #$ intervals between 24.8 and 26.6 #$, a
density range where significant negative PV gradients are
observed at the STFs. Figure 9 shows the resultant PV maps
every 0.2 #$ with acceleration potential relative to 1000 dbar
superimposed. Because of vertically uniform properties
mode waters can be identified as a water of a lateral PV
minimum on the isopycnal PVmaps. Both STMWand CMW
form in the western North Pacific east of Japan where the
winter mixed layer is deep because of intense surface cooling

Figure 6. Schematic meridional density section across an
STF.
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Figure 1.3.: Schematic of the STCC-PV paradigm in the Northern Hemisphere

from Kobashi et al. (2006).

In a concurrent study using altimetry data, Siedler et al. (2006) found a narrow,

eastward-flowing current between 22°S-26°S in the Indian Ocean. They adopted

the name SICC given by Palastanga et al. (2007), pointing out that the mean

SICC is well-defined between Madagascar and 80°E, and has lower intensity from

this meridian to Australia.

Since the SICC flows opposite to the direction predicted by classical theories of

wind-driven circulation, and its geographic location is at the same latitudinal

range as the STCCs observed in the Pacific and North Atlantic Oceans, both

Palastanga et al. (2007) and Siedler et al. (2006) suggest the SICC is a STCC-like

current, with similar dynamics.

"This is similar to the subtropical countercurrent in the North Atlantic

..." (Siedler et al., 2006)

"It is noteworthy that the location of this jet is similar to that of the

subtropical countercurrents observed in the North and South Pacific
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The simplest reason is that the Sverdrup trans-
port in the Pacific is proportionally higher than
in the Atlantic because the Pacific is that much
wider and the winds, and hence Ekman pump-
ing, are similar.

Looking at the global scale, the very low
surface height in the Southern Ocean contrasts
with the rest of the world ocean. The high
gradient between the low Southern Ocean pres-
sure and high pressure just to its north marks
the eastward geostrophic flow of the ACC,
which is principally wind-driven.

Separate from, and somewhat masked by
these wind-driven gyre differences, a remark-
able global feature is the overall higher surface
height in the Pacific compared with the Atlantic.
This is associated with the relatively lower
density of the Pacific compared with the
Atlantic, which is associated with the lower
mean salinity of the Pacific.

14.4.2. Water Mass Distributions

Water masses in the upper ocean, at interme-
diate depth (below the pycnocline), in the deep
ocean (2000e4000 m), and near the bottom are
presented here mostly using schematics; maps
and sections were shown in Chapters 9-13.
Only a subset of the water masses introduced
in previous chapters are included, but these
are representative of most of the processes that
determine the property structures.

The upper ocean water masses are repre-
sented here by mode waters, reviewed in more
detail in Hanawa and Talley (2001; Figure 14.12).
(Unrepresented by this schematic are the
upper ocean water masses associated with
subduction d the Central Water and Subtrop-
ical Underwater of the main pycnocline of
each ocean basin.) All mode waters are associ-
ated with strong fronts, most of which are
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FIGURE 14.12 Mode Water distributions, with typical potential densities and schematic subtropical gyre, and ACC
circulations. Source: After Hanawa and Talley (2001). Medium grays are STMWs in each subtropical gyre. Light grays are
eastern STMWs in each subtropical gyre. Dark grays are SPMW (North Atlantic), Central Mode Water (North Pacific), and
SAMW (Southern Ocean).
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Figure 1.4.: Spatial distribution of mode waters with typical potential densities

from Hanawa and Talley (2001). Black contours represent the

subtropical gyres and Antarctic Circumpolar Current. Red (pink) is

used for the (eastern) subtropical mode waters in each subtropical

gyre and dark reds for the sub-polar Mode water (North Atlantic),

Central Mode Water (North Pacific), and sub-Antarctic mode water

(Southern Ocean).

(Qiu, 1999; Qiu and Chen, 2004), supporting the idea of a dynamically

similar permanent current in the South Indian Ocean subtropical gyre."

(Palastanga et al., 2007)

1.1. Brief History of a Lost Current

In the latest review paper about the Indian Ocean, Schott et al. (2009) highlight

the SICC discovery, pointing out the changes in the schematic diagrams of the

SIO circulation due to this new eastward pathway. Compare, for example, the

diagrams from the review papers by Schott and McCreary (2001) and Schott

et al. (2009) in the SIO (Figure 1.6). In the earlier diagrams of the circulation

from the 2001 paper, the subtropical eastward flows crossing the SIO do not

exist!
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Figure 1.5.: Longitudinal distribution of zonal geostrophic velocities u in the

subtropical oceans relative to 1950 dbar from the Roemmich-Gilson

Argo Climatology 2015. The u data are averages in the latitudinal
range indicated in each panel.

"Recent studies of ship sections and altimetry, however, support the

existence of a narrow zonal countercurrent across the subtropics from

22°S to 26°S, the South Indian Countercurrent'' (Schott et al., 2009)

The impression that the SICC is a recently discovered current, mostly thanks

to the altimetry datasets, is widespread in the literature nowadays (e.g., Figure

1.7).

However, the SICC was identified as a distinct current much earlier by Sharma

(1976) and Sharma et al. (1978) using hydrographic data collected during the

International Indian Ocean Expedition (IIOE) in the early 1960's. They named

that current as the Tropical Countercurrent:

"The recently discovered South Equatorial Countercurrent and Sub-

tropical Countercurrent (renamed Tropical Countercurrent, at the

suggestion of Dr. R. B. Montgomery) are observed in the current

structure at 13°S and 22°S-26°S respectively, and these could also

be identified on the vertical sections of temperature, thermosteric

anomaly and salinity." (Sharma, 1976)
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(a) Schott and McCreary (2001) - Jan/Feb
14 F.A. Schott, J.P. McCreary Jr. / Progress in Oceanography 51 (2001) 1–123

Fig. 9. As in Fig. 8, but for the Northeast Monsoon.

observational data from the western boundary circulation south of the monsoon regime, i.e., south of about
10°SEC, do not reveal much seasonal variability (e.g., Swallow et al., 1988). Therefore, the schematic
representations in Figs. 8 and 9 show identical circulation branches in the SEC regime during both seasons.
Summer monsoon: During the summer monsoon, the SEC and EACC supply the northward flowing

Somali Current. Depending on which part of the season and particular wind field are involved, the Somali
Current can develop in different cells and gyres. Fig. 8 shows the typical situation for the fully developed
summer monsoon. After crossing the equator, one part of the Somali Current turns offshore at about 4°N,
forming a cold upwelling wedge on its left shoulder; the other part recirculates across the equator as the
‘Southern Gyre’ (SG). In the north, a second gyre is formed, the ‘Great Whirl’ (GW). Both gyres are
reproduced in the POP simulation (Fig. 13). A third gyre, the ‘Socotra Eddy’ (SE), is seen during many
summer monsoons northeast of Socotra (Fig. 8). Climatological SSTs show values lower than 26°C off
Somalia and the Arabian peninsula (Fig. 15b).
The central Arabian Sea exhibits a marked bowl-shaped mixed-layer deepening (Figs. 17c and 10b)

under the effect of the Findlater Jet wind-stress forcing and Ekman pumping, which leads to a warming
at the 100-m level (Fig. 15e). The Southwest Monsoon Current (SMC) south of Sri Lanka flows eastward
during this season (Figs. 8 and 10a). Most of the SMC connection to the Somali Current outflow appears
to be at low latitudes, but part of its source waters originate from the southward-flowing West Indian
Coastal Current (WICC), involving the Laccadive Low (LL), as seen in the altimetry sea-surface height
(SSH) anomaly in Fig. 19c. During this season, the East Indian Coastal Current (EICC) bifurcates in the

(b) Schott et al. (2009) - Jan/Feb

the SEMC may also retroflect to supply the northeastward
flow east of Madagascar (see below).
[14] Since the publication of SMC01, the transport

through the Mozambique Channel has emerged as a major
thoroughfare of tropical/subtropical exchange. Its mean
transport has been estimated at 17 Sv from a multiyear
moored array [de Ruijter et al., 2002], and a similar value
was obtained in hydrographic section analysis [Donohue
and Toole, 2003], in agreement with earlier inverse model
results of 15 ± 5 Sv [Ganachaud et al., 2000]. The transport
is not carried by a quasi-laminar boundary current, however,
but rather by migrating anticyclonic eddies (Figure 3). It has
been suggested that after propagating farther southward
along the South African coast, they trigger eddies of the
Agulhas retroflection and thus affect the transfer of IO
waters into the Atlantic [de Ruijter et al., 2002; Penven et
al., 2006].
2.2.1.2. Northeastward and Eastward Flows
[15] Figure 5a presents the mean geostrophic near-

surface circulation of the subtropical IO, based on the
absolute surface topography derived from drifter velocities
and altimetry [Niiler et al., 2003; Maximenko and Niiler,
2005]. Streamlines of the surface geostrophic flow follow
the map contours, indicating that eastward outflow from the
Agulhas retroflection reenters the IO as a broad north-

eastward flow, much of which extends to the west coast of
Australia. Recent studies of ship sections and altimetry,
however, support the existence of a narrow zonal counter-
current across the subtropics from 22 to 26!S, the South
Indian Countercurrent (SICC [Siedler et al., 2006; Palas-
tanga et al., 2007]), which is somewhat at odds with the
zonally slanted absolute surface topography of Figure 5a.
Figure 5b presents a map of near-surface currents from the
SODA–Parallel Ocean Program (POP) 2.0.3 reanalysis
[Carton and Giese, 2008] that seems to reconcile both
concepts. The plotted currents are taken from a depth of
46 m so as to illustrate the geostrophic flow just below the
Ekman layer. On the one hand, it supports the existence of
an intensified zonal eastward flow near 25!S; on the other, it
shows that the band of eastward flow expands latitudinally
to the east, allowing a connection from south of Madagascar
to northwest Australia. The SODA-POP reanalysis also
suggests that the eastward upper layer flow and SICC are
supplied partly by a retroflection of the SEMC and partly
from a source farther to the west. Part of the eastward flow
also recirculates northwestward into the SEC.
[16] Persistent eastward geostrophic flow, the East Gyral

Current (EGC; Figures 3 and 4), was observed near and
north of 20!S in the Perth-Indonesia expendable bathyther-
mograph (XBT) ship sections (World Ocean Circulation

Figure 4. As in Figure 3 but for the winter (northeast) monsoon.
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(c) Schott and McCreary (2001) - Jul/Aug 13F.A. Schott, J.P. McCreary Jr. / Progress in Oceanography 51 (2001) 1–123

Fig. 8. A schematic representation of identified current branches during the Southwest Monsoon, including some choke point trans-
port numbers (Sv=106m3s!1). Current branches indicated (see also Fig. 9) are the South Equatorial Current (SEC), South Equatorial
Countercurrent (SECC), Northeast and Southeast Madagascar Current (NEMC and SEMC), East African Coast Current (EACC),
Somali Current (SC), Southern Gyre (SG) and Great Whirl (GW) and associated upwelling wedges, Socotra Eddy (SE), Ras al Hadd
Jet (RHJ) and upwelling wedges off Oman, West Indian Coast Current (WICC), Laccadive High and Low (LH and LL), East Indian
Coast Current (EICC), Southwest and Northeast Monsoon Current (SMC and NMC), South Java Current (JC) and Leeuwin Current
(LC). See text for details.

development of the surface-mixed layer thickness (Rao, Molinari, & Festa, 1989), and Fig. 18 the steric
height field relative to 400 dbar for both monsoon seasons (Peter & Mizuno, 2000). Seasonal sea-level
height variability is shown in Fig. 19, and the topography and major basin configuration of the Indian
Ocean in Fig. 20. In the following we briefly review the major circulation features that are discussed in
greater detail in subsequent sections.
Southern Hemisphere: Similar to the situation in the other oceans, there is a broad zonal inflow by the

South Equatorial Current (SEC), driven by the Southeast Trades (Fig. 1) which supplies the western bound-
ary currents east of Madagascar within the latitude range 12–25°SEC (Fig. 8). At about 17°SEC, the
SEC splits into northward- and southward-flowing branches. The northern branch, known as the Northeast
Madagascar Current, flows past the northern tip of Madagascar at Cape Amber and feeds into the East
African Coast Current (EACC). This circulation is also displayed in Figs. 10 and 11. The large-scale
southern hemispheric circulation basically follows Sverdrup dynamics, as a comparison with the transport
function of Fig. 4c indicates. The POP vector maps (Figs. 13 and 14) show that the path of the SEC is
more irregular, because of the effects of the underlying topography (Fig. 20) and Rossby-waves. Available

(d) Schott et al. (2009) - Jul/Aug

two fields. During summer, the cooling by upwelling off
Somalia keeps atmospheric convection from the western
Arabian Sea. Elsewhere north of the equator, from the
eastern Arabian Sea to the South China Sea, SST is high
and conducive to atmospheric deep convection. There, the
Asian summer monsoon is organized into several well-
defined convection centers, all anchored by mountain
ranges [Xie et al., 2006].

2.2. Upper Ocean Circulation

[12] Figures 3 and 4 provide schematic diagrams that
summarize the near-surface flow field in the IO during the
summer and winter monsoon periods, respectively. In the
Northern Hemisphere, where the observational knowledge
base was well established by the large experiments of the
mid-1990s, the schematic flow paths have not changed
since the publication of SMC01. In the southern IO,
however, several circulation elements are now quantified

that were only qualitatively known at the time of SMC01,
and pathways have changed. (Compare Figures 8 and 9 of
SMC01 with our revised schematic diagrams.)
2.2.1. Southern Indian Ocean
2.2.1.1. Westward South Equatorial Current and
Southward Western Boundary Currents
[13] The South IO is characterized by the westward

flowing South Equatorial Current (SEC), to a large part
supplied by the ITF (Figure 3). It splits at the east coast of
Madagascar near 17!S into northward and southward
branches, the Northeast and Southeast Madagascar Currents
(NEMC and SEMC). The NEMC transports about 30 Sv
(SMC01), supplying water for the Mozambique Channel
flow and the East African Coastal Current (EACC; Figure 3).
The southward branch transports about 20 Sv to the southern
tip of Madagascar, where it is suggested to dissolve into a
sequence of eddies and dipoles that migrate to the African
coast [de Ruijter et al., 2004; Quartly et al., 2006]. Part of

Figure 3. Schematic representation of identified current branches during the summer (southwest)
monsoon. Current branches indicated (see also Figure 4) are the South Equatorial Current (SEC), South
Equatorial Countercurrent (SECC), Northeast and Southeast Madagascar Current (NEMC and SEMC),
East African Coastal Current (EACC), Somali Current (SC), Southern Gyre (SG) and Great Whirl (GW)
and associated upwelling wedges (green shades), Southwest and Northeast Monsoon Currents (SMC and
NMC), South Java Current (SJC), East Gyral Current (EGC), and Leeuwin Current (LC). The subsurface
return flow of the supergyre is shown in magenta. Depth contours shown are for 1000 m and 3000 m
(grey). Updated representations are from SMC01; red vectors (Me) show directions of meridional Ekman
transports. ITF indicates Indonesian Throughflow.
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Figure 1.6.: Schematic diagrams of the Indian Ocean Circulation for the

northeast monsoon (a,b) and southwest monsoon (c,d) from Schott

and McCreary (2001) and Schott et al. (2009), respectively. In

the South Indian Ocean, currents indicated are: South Equatorial

Current (SEC), East Madagascar Current (SEMC), Northeast

Madagascar Current (NEMC), East African Coastal Current (EACC),

South Equatorial Countercurrent (SECC), South Java Current(SJC),

Leeuwin Current (LC) and Eastern Gyral Current (EGC).
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"... the eastward current flows on the southern side of the maximum

[of geopotential] from Malagasy [Madagascar] as far east as Australia."

(Sharma, 1976)

"The eastward flowing Tropical Countercurrent, located between 22°S

and 26°S is evident on 80 and 60 cl/t [isanosteric - a surface of uniform

thermosteric anomaly] surfaces by the lower values of acceleration

potential south of 20°S... Its presence is more prominent and spreads

over the whole width of the ocean at lower steric levels." (Sharma

et al., 1978)

"A north-south inclination of this current with the latitudinal belt is

evident from the acceleration potential charts at surfaces of 80 cl/t

and 60 cl/t [1 centilitres/tonne = 10−8 m3/kg]. " (Sharma et al.,

1978)

Furthermore, Sharma (1976) describes that the shallow Tropical Countercur-

rent/SICC is associated with a thermal front around 25°S, and suggests this

current is similar to the North Pacific STCC. This hypothesis has also been

raised by Palastanga et al. (2007) and Siedler et al. (2006), when the SICC

was rediscovered in the mid 2000's.

"The sudden increase in temperature around 25°S at all depths and a

decrease around 15°S are associated with two thermal fronts ... and

are located where the [surface] components of westward [15°S] and

eastward [25°S] flows are maximum" (Sharma, 1976)

"... reveal the features of a permanent thermal front between 20°S

and 25°S indicating the possibility of the Tropical Countercurrent round

the year, along the total width of the Indian Ocean (Wyrtki, 1971)"

(Sharma, 1976)
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Geostrophic surface currents (deduced from Absolute dynamic topography)
averaged over 5 years (August 2001 - May 2006) East of Madagascar. A narrow
current is visible at about 25°S from Madagascar to about 100°E, with an attenuation
from 80°E. Pink lines are in situ observations (Woce program data), that confirm this
current. (Credits University of Cape Town).

Discovering a current in the 21st century with altimetry

Ocean currents can be discovered in the 21st century: oceanographers found a current, the
South Indian Counter Current, looking closely at altimetry data. This surface current, which goes
eastwards from Madagascar at about 25°S is the counterpart of a westward current closer to
Equator. If it can't be seen at every time, averaging current velocities in the region shows it
clearly.

Altimetry measurements represent a huge quantity of information on the ocean (a
Topex/Poseidon 10-day cycle gathered more measurements than the previous 100 years of in
situ measurements). Continuity of these measurement over long period will bring to light new
phenomena, not very proeminent on instantaneous views, but that show up over longer periods.

See also :

Data: MADT products
Image of the Month, October 2004: Altimetry helps link bits and pieces of a current
together.

Websites on this subject :

Ocean Surface Currents

Reference :

Siedler, G., M. Rouault, and J.R.E. Lutjeharms, 2006: Structure and origin of the
subtropical South Indian Ocean Countercurrent, Geophys. Res. Lett, 33, L24609,
doi:10.1029/2006GL027399

Figure 1.7.: South Indian Countercurrent discovery according to My AVISO+ web
portal. The map in the AVISO web site is reproduced from Siedler

et al. (2006) [http://www.aviso.altimetry.fr/en/applications/

ocean/large-scale-circulation/currents-around-the-world/

south-indian-counter-current.html].

As correctly stated by Sharma (1976), the SICC is already evident in all the

bimonthly surface geopotential charts from the famous Indian Ocean Atlas

produced by Klaus Wyrtki and colleagues in 1971 based mostly on data collected

during the IIOE (Figure 1.8).

After Wyrtki (1971), Sharma (1976) and Sharma et al. (1978), other works

also depict eastward flows (e.g., Karstensen and Quadfasel, 2002; Reid, 2003)

across the SIO subtropics, although they did not receive much attention in the

later oceanographic literature.
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Figure 1.8.: Geopotential topography and geostrophic flow at the sea surface rel-

ative to 1000 dbar fromWyrtki (1971) atlas during January/February

and July/August. Notice the presence of the eastward flows in the

subtropical region, that are absent in the 2001 diagrams by Schott

and McCreary (2001) (Figure 1.6).
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1.2. Nomenclature Jigsaw of the South Indian Ocean Currents

A careful reading of the literature about the SIO circulation reveals a very broad

range of different names used for the ocean currents in this region. The same

names have been used for currents flowing in completely different regions.

The same ocean current is referred to by different names, without appropriate

justifications. These facts may well have contributed to the modern perception

that the SICC was an unknown current until recently, although it had been

described at least thirty years before, albeit with a different name.

Peter and Mizuno (2000), for example, refer to the eastward flows between 20°S

and 30°S as the South Indian Ocean Current (SIOC) (Figure 1.9a). This name is

not appropriate, since Stramma (1992) gave the name SIOC to the zonal current

associated with the Indian Ocean subtropical front (STF) around 40°S. Compare

Figure 1.9a (from Peter and Mizuno, 2000) to Figure 1.9b (from Stramma, 1992).

The maps from Peter and Mizuno (2000) extends from 30°N to 30°S and do

not cover the area described by Stramma (1992) (30°S-50°S). The SIOC of

Stramma (1992) begins in the Agulhas Return Current and extends across the

basin. Sometimes it seems to merge with the Antarctic Circumpolar Current

(ACC), especially in the Crozet Basin around 46°S (Stramma and Lutjeharms,

1997). Stramma (1992) describes the SIOC as a deeper current in the top 1000

m depth, with velocities of the order of the 30 cm/s at the surface and 10 cm/s

at 1000 m. These defining characteristics are totally different from the shallow

and relatively weaker SICC flowing between 20°S-30°S (e.g., Figure 1.5).

"The South Indian Ocean Current is evident south of the South

Equatorial Current and flows towards the east... The South Indian

Ocean Current described by Stramma (1992) [?] is identified in

the maps [bimonthly maps of dynamic heights]." (Peter and Mizuno,

2000).
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(a) Peter and Mizuno (2000)

Fig. 5. Long-term annual mean dynamic height (0}400 db).

in the northern part of the Arabian Sea, whereas clockwise circulation prevails in the
northern part of the Bay of Bengal. The remainder of the Bay of Bengal displays little
circulation.

The strong signal of the Indonesian through#ow and the return #ow south of it
towards western Australia are clearly visible. The highest steric height is encountered
in the Indonesian through#ow region. The eastern part of the equatorial ocean shows
high steric heights compared to the west. The southward #owing Leeuwin Current is
visible in the annual mean steric height along the coast of western Australia where the
contours bend towards south. This current is fed by the South Indian Ocean Current.

1358 B.N. Peter, K. Mizuno / Deep-Sea Research I 47 (2000) 1351}1368

(b) Stramma (1992)

Figure 1.9.: (a): Mean dynamic height at sea surface relative to 400 dbar

and respective geostrophic flow from Peter and Mizuno (2000).

Notice that the latter authors refer to the eastward flows between

20°S-30°S as the South Indian Ocean Current. (b): Schematic

illustration of the South Indian Ocean Current from Stramma (1992).

Notice that the STF in the Southern Hemisphere is the frontal zone that separates

subtropical from sub-Antarctic waters, being located on the poleward side of the

subtropical gyres (Belkin and Gordon, 1996; Graham and De Boer, 2013). In the

North Pacific, the STF name, instead, is normally used for the subsurface front

around 20°N-25°N associated with the STCC (e.g., Kobashi et al., 2006; Kobashi

and Kubokawa, 2012; Qiu and Kawamura, 2012, and references therein).

Another name that is used interchangeably with SIOC and SICC names in the

literature is the Eastern Gyral Current (EGC), especially in studies of the eastern

basin (east of 90°E). At least since the sixties, it is known that the near-surface
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circulation of the eastern basin between 15°S-30°S is dominated by eastward

flows (Figure 1.10) (e.g., Wyrtki, 1962; Hamon, 1965).

"South of 15°S the geostrophic flow is in general to the east. " (Wyrtki,

1962)

"... the flow to the east across 100°E between 15° and 30°S is

especially weakened. It disappears completely at 200 m depth (Fig.

3), and the flow across 95°E at this depth is even to the west. " (Wyrtki,

1962)

"On the 105°E section, and more particularly on the 100°E section,

there are appreciable eastward currents south of the South Equatorial

Current... a gradual decrease from 14°S to 32°S, implying a mean

geostrophic current of 5 cm/sec towards the east. " (Hamon, 1965)

Meyers et al. (1995) and Meyers (1996) have referred to the tropical northeast-

ward flows in the eastern basin, roughly equatorward of 22°S, as EGC (Figure

1.11a). Several later studies used the name EGC to refer to the eastward flows

in the eastern basin (e.g., Bray et al., 1997; Domingues et al., 2007; Feng and

Meyers, 2003; Feng et al., 2003, 2008; Wijffels et al., 2008), although not always

restricted to the tropical belt (e.g., Feng and Meyers, 2003; Wijffels et al., 2008).

Initially, the EGC was thought as being an extension of the subtropical gyre

into the region between Australia and Indonesia, similar to the schematics of

Schott and McCreary (2001) (Figure 1.6 a,c). Domingues et al. (2007), however,

showed this current as being also fed by a partial retroflection of the South

Equatorial Current (SEC), and therefore also having a tropical origin (Figure

1.11b). This latest description better agrees with the earlier circulation maps

by Wyrtki (1962) and Peter and Mizuno (2000).

Although the schematic diagrams from e.g. Meyers (1996) and Domingues et al.

(2007) suggest the ECG is a tropical current, the name EGC is sometimes used
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2 K. WYRTKI 

Wyrtki (1962) demonstrates that in ocean-wide processes the oxygen minimum 
layer indicates a layer of smallest advection. Consequently it comes close to the 
position of the layer of no horizontal motion. It would have been possible to take 
the oxygen minimum itself as reference level, giving a topography of the reference 
level similar to that in the Atlantic Ocean. But this would have caused little change 
in the circulation pattern compared with that derived from a reference level a t  a 
constant depth, as will be shown later. 

Fig. I.--Geopotential topography of the sea surface relative to 1750 db in the waters west of 
Australia, in dynamical em. Dm 2/59, 0 Dm 2/60. 

The topography of the sea surface relative to 1750 db to the west of Australia 
is shown in Figure 1. This is drawn from observations on cruise Dm 2/59 in October- 
November 1959 and from observations along a section a t  95" E, on cruise Dm 2/60 in 
July 1960. South of Java the South Equatorial Current is indicated by the strong 
concentration of isobars near 10" S. This flow is slightly meandering and south of 
the Sunda Strait, near 104" E., it turns south-west. The velocity of the geostrophic 
current a t  the surface in the axis of the South Equatorial Current is more than 

Figure 1.10.: Geopotential topography and associated geostrophic flow at the

sea surface relative to 1750 dbar from Wyrtki (1962) (units are

dyn cm).

as an equivalent for the SIOC (near 40°S), which causes more confusion in the

nomenclature (e.g., Potemra, 2001; Qu and Meyers, 2005):

"The origin of the SEC is the South Indian Ocean Current (SIOC; also

referred to as the Eastern Gyral Current (EGC) that flows to the east

just north of the Antarctic Circumpolar Current (ACC). As the SIOC

approaches the west coast of Australia, it turns northward to form the

SEC.) " (Potemra, 2001)

"South of the SEC is the weak, broad eastward-flowing Eastern Gyral

Current (EGC), also referred to as the South Indian Ocean Current

(Potemra 2001).... On the southern side of the anticyclonic gyre, the
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(a) Meyers (1996) (b) Domingues et al. (2007)

carried through the region can be drastically
modified by the strong stirring and mixing caused
by the dissipation of amplified tides, which range
may reach up to 10m (Katsumata, 2006; Katsumata

and Wijffels, 2006). In terms of biological impor-
tance, one example lies in the fact that Johnson et al.
(1993) find genetic evidence of extensive connec-
tions of fish populations, through larval dispersal,

ARTICLE IN PRESS

Fig. 11. Schematic diagrams of the upper circulation of the southeast Indian Ocean near Australia associated with the source regions of
the Leeuwin Current (top) and Leeuwin Undercurrent (bottom). These diagrams are proposed based on the links identified through the
POP1 IB model particle trajectories shown in this study.

C.M. Domingues et al. / Deep-Sea Research II 54 (2007) 797–817814

Figure 1.11.: Schematic circulation of the southeast Indian Ocean from Meyers

(1996) (a) and Domingues et al. (2007) (b).

EGC generated by the meridional gradients of sea surface temperature

and salinity flows eastward in a broad latitude band from about

15° to 25°S... Part of the EGC recirculates into the SEC, closing

the near-surface anticyclonic circulation in the STIO, while the rest

turns southward to feed the Leeuwin Current (LC) along the western

Australian coast." (Qu and Meyers, 2005)

Things get even more messy, when in modern schematic diagrams of the SIO

circulation, the EGC and SICC names are used interchangeably to indicate the

same current. For instance, in the recent book by Talley et al. (2011) the EGC is

described as the current analogous to the North Pacific STCC. In their diagram

reproduced in Figure 1.12a, the eastward flow south of 20°S is labelled as EGC.

On the other hand, in the sketch of the SIO circulation by Peng et al. (2015)

(Figure 1.12b) there is no EGC. In this case, the eastward flow is labelled as

SICC.

"This eastward flow at the sea surface, centered around 17°S, is called

the Eastern Gyral Current (Wijffels et al., 1996; Domingues et al.,
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(a) Talley et al. (2011)

its marginal seas (Red Sea and Persian Gulf)
dominated by evaporation while the fresher
Bay of Bengal is dominated by runoff from all of
themajor rivers of India, Bangladesh, and Burma
(Section S8.8 on the textbook Web site http://
booksite.academicpress.com/DPO/; “S” denotes
supplementary material). The surface waters of

the tropical Indian Ocean are the warmest of
the global open ocean, often exceeding 29!C.

The intermediate and deep flow regimes of
the Indian Ocean include a connection to the
SouthernOcean that is similar to that of the South
Pacific Ocean, with differences largely due to
accidents of topography. The main difference
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FIGURE 11.1 IndianOceanschematic surface circulation.Black:meanflowswithout seasonal reversals.Gray:monsoonally
reversing circulation (after Schott & McCreary, 2001): (a) Southwest Monsoon (July-August) (b) Northeast Monsoon (January-
February). The ACC fronts are taken directly from Orsi, Whitworth, and Nowlin (1995). The subtropical gyre in the Southern
Hemisphere just 200mbelow the sea surface differs significantly from the surface circulation, as indicated by the dashed curve.
Acronyms: EACC, East African Coastal Current; EICC, East Indian Coastal Current; EMC, East Madagascar Current; LH and
LL, Lakshadweep high and low; NEC, North Equatorial Current; NEMC, Northeast Madagascar Current; and WICC, West
Indian Coastal Current. See also Figure S11.1 from the textbook Web site, which is a surface height map based on Niiler,
Maximenko, and McWilliams (2003), with labeled currents, and Figure S11.2, reproduced from Schott and McCreary (2001).

11. INDIAN OCEAN364

(b) Peng et al. (2015)

Norwegian Sea (Andersson et al. 2011; Poulain et al.
1996), South China Sea (Centurioni et al. 2004, 2009;
Qian et al. 2013), Tasman Sea (Chiswell et al. 2007), and
Tyrrhenian Sea (Rinaldi et al. 2010), as well as in re-
gional current systems, for example, the Algerian Current
(Salas et al. 2001) andCalifornia Current (Brink et al. 1991;
Poulain and Niiler 1989; Swenson and Niiler 1996).
Being the third largest ocean basin of the world and

a major part of the largest warm pool on earth, the
Indian Ocean (IO) plays an important role in shaping
climate on both regional and global scales (Annamalai
et al. 2005; Du et al. 2011; Kug and Ham 2012; Schott
et al. 2009; Wu and Kirtman 2007; Xie et al. 2009;
Zheng et al. 2011). For instance, the Indian Ocean di-
pole is associated with the variability of the East Asia
monsoon and ENSO (Ashok et al. 2004; Luo et al. 2010;
Yang et al. 2010). Although the IO circulation systems
(see the schematic illustration in Fig. 1) have been given
increasing attention by researchers recently, the in-
vestigations and studies of the circulation characteristics
are still relatively insufficient or less intensive compared to
those for other ocean basins, primarily due to the relative

lack of observations in the IO. The earliest studies map-
ping IO surface currents were mainly based on the com-
pilation of ship drift reports (Defant 1961; Cutler and
Swallow 1984), which contain large random errors in the
pre-GPS era and biases due to the direct force of the wind
on the ships. Satellite-tracked drifting buoys, first deployed
in 1975/76 in the western equatorial IO (L. Regier and
H. Stommel 1976, unpublished document), provide a much
more robust tool in mapping IO surface circulation.
Reverdin et al. (1983) and Shetye and Michael (1988)
studied the equatorial jets (EJs, also called Wyrtki jets)
and the South Equatorial Current (SEC) in the IO, re-
spectively, using measurements from a limited set of
drifting buoys. Based on a compilation of 142 surface buoy
trajectories deployed during 1975–87 by different organi-
zations, Molinari et al. (1990) mapped the surface current
distribution in the tropical IO as well as the seasonal var-
iations of the currents. Shenoi et al. (1999) further ex-
plored the near-surface currents and the kinetic energy
in the tropical IO by analyzing the trajectories of more
(412) satellite-tracked drifting buoys. More recently,
Zheng et al. (2012) studied the surface circulations and
their seasonal variations in the IO using drifter data from
1979 to 2011 and showed that the basic pattern of the
surface circulation in the IO is identical to that revealed by
previous studies, although the currents along the eastern
coast of Africa appear much stronger. Beal et al. (2013)
used two decades of drifter data to describe the seasonal
evolution of the surface circulation of the Arabian Sea in
the northwestern IO and showed that the drifter data re-
solved features like the Somalia Current (SC), GreatWhirl
(GW), and the evolution of monsoon-driven variations
that in some respects differ from the well-known sche-
matics of Schott and McCreary (2001) and Schott et al.
(2009). Moreover, some studies (e.g., Lumpkin and
Johnson 2013; Maximenko et al. 2009; Sudre et al. 2013;
Sudre and Morrow 2008) have mapped surface currents
over the global ocean, including the IO basin, using all
GDP drifter observations available. All of these studies
have contributed to reveal the features of surface or near-
surface circulation of the IO. These studies, however,
have still left much space for a complete and integral
investigation of the characteristics of the near-surface
circulation across the IO basin. In particular, although
a few recent studies have tried to estimate the Lagrangian
statistics of the near-surface currents in the IO (Chiswell
2013; Zhurbas et al. 2014), considerable uncertainties
of the estimates could exist because of the methods
used that may not efficiently remove the impacts of the
strong seasonal variability and spatial inhomogeneity
of surface currents in the IO (e.g., Qian et al. 2014).
Therefore, it is necessary and worthy to carry out a thor-
ough investigation of the Eulerian and Lagrangian

FIG. 1. Schematic illustration of the major current systems in the
IO, including the South Equatorial Current (SEC), South Equatorial
Countercurrent (SECC), South Indian Ocean Countercurrent
(SICC), Northeast and Southeast Madagascar Current (NEMC and
SEMC), East African Coastal Current (EACC), Somalia Current
(SC), Equatorial Jets (EJs, also call Wyrtki jets), Southwest and
Northeast Monsoon Currents (SMC and NMC), Northeast and
Southeast Madagascar Currents (NEMC and SEMC), South Java
Current (SJC), Leeuwin Current (LC), Agulhas Return Current
(ARC), Great Whirl (GW), and South Gyre (SG). Currents oc-
curring in summer (winter) are colored red (black), while those
occurring in all seasons are colored green. Arrow with black
dashed–dotted thick line denotes the EJs occurring during spring
and fall. Vectors in magenta denote the subsurface currents.
Dashed arrow in the Mozambique Channel shows the effects of
eddy propagation. The line thickness here represents the strength
of currents roughly.
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Figure 1.12.: Schematic diagrams of the South Indian Ocean from Talley et al.

(2011) and Peng et al. (2015).
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2007); it is analogous to the Subtropical Countercurrent of the North

Pacific." (Talley et al., 2011)

"The eddies move westward a long distance into the Indian Ocean,

preferentially along the band of high eddy energy associated with the

Eastern Gyral Current." (Talley et al., 2011)

1.3. Near-Surface Eastward Flows of the South Indian Ocean:

Knowns and Unknowns

In the last couple of years, the SIO eastward current (i.e., the tropical EGC

and the subtropical SICC), have been found to influence the biology and

biogeochemistry of the South Indian Ocean. For instance, Feng et al. (2011) find

both currents to be important for the recruitment of the Australian western rock

lobsters, the most valuable single-species fishery in Australia. Huhn et al. (2012)

show that the boundaries of the Madagascar plankton bloom are controlled by

the SICC. The EGC is also a key contributor to the biogeochemistry of the eastern

Indian Ocean (Waite et al., 2013) and to the transport of larva from southern

bluefin tuna (Matsuura et al., 1997).

Despite their importance and the recent growing number of studies, and some

successful numerical simulations (e.g., McCreary et al., 2007; Divakaran and

Brassington, 2011; Schott et al., 2009), our knowledge about the these currents

are still poor, especially in relation to the SICC. For instance, little is known about

the SICC spatial distribution, vertical structure and temporal variability as we will

describe below. Even the basic dynamics controlling these eastward currents are

still to be determined.

The SICC originates at the southern tip of Madagascar around 25°S, possibly

fed by a partial retroflection of the East Madagascar Current (EMC) (Palastanga

et al., 2007; Siedler et al., 2006, 2009). According to numerical experiments
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conducted by Siedler et al. (2009) about 40% of the SICC transport originates

from the EMC region. However, because the SICC is shallower than the EMC,

Palastanga et al. (2007) suggest that only the near-surface part of the EMC

might be involved in the retroflection. No specific studies have been done so far

to evaluate the vertical structure of the EMC retroflection, to determine the EMC

retroflection temporal variability and other possible source regions to the SICC.

At the eastern end of the SICC, off Western Australia, little is known about how

the SICC interacts with the Leeuwin Current system, the only poleward-flowing

eastern boundary current of the global ocean, and with the tropical EGC (e.g.,

Schott et al., 2009; Divakaran and Brassington, 2011).

Sharma (1976) showed that his shallow Tropical Countercurrent (SICC) was

associated with a thermal front around 25°S and suggested that this front would

be a permanent feature. In spite of this, Palastanga et al. (2007) and Siedler

et al. (2006) speculate that the SICC, instead, might be associated with a salinity

front at the sea surface. Palastanga et al. (2007) did not find a thermal front

at the surface in the SICC region using the WOA1 (World Ocean Atlas 2001)

and satellite-derived sea surface temperature data. However, they found strong

meridional salinity gradients at the sea surface between 20°S-26°S east of

75°E. This salinity front lies between the fresh tropical/Indonesian Throughflow

waters carried westward by the SEC, and the saltier subtropical waters (Figure

1.13)(Rochford, 1962; Warren, 1981; Gordon et al., 1997; Wijffels et al., 2002;

Katsumata and Fukasawa, 2011).

Both Palastanga et al. (2007) and Siedler et al. (2006) conjecture that the surface

salinity front causes a secondary density front to exist in the band of 20°S-30°S,

with the SICC being the associated current in terms of thermal wind balance.

They stress, however, that whether and how this salinity frontal zone is linked to

the existence of the SICC remains to be clarified.

The studies by Siedler et al. (2006), Divakaran and Brassington (2011) (eastern
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Figure 1.13.: Mean sea surface salinity in the South Indian Ocean and surface

geostrophic circulation relative to 1950 dbar for the 2004-2014

period based on the Roemmich-Gilson Argo Climatology 2015

(Roemmich and Gilson, 2009). Colours are used for salinity

and and vectors for the direction and intensity of the surface

geostrophic currents. Only vectors with intensities greater than

2 cm/s are plotted.

basin), and Huhn et al. (2012) (western basin), suggest that the SICC is

organized into several jets, embedded in a broad and weaker eastward flow

regime. The SICC geostrophic velocities have been described from 2-3 cm/s (Jia

et al., 2011b) up to 50 cm/s (Siedler et al., 2006), depending on the region

and time in which the velocities were estimated. This large range in the SICC

strength indicates that it may experience strong temporal and spatial variability.

To the best of our knowledge, no studies have been done to determine the

dominating scales of these variabilities. For the tropical EGC, Meyers (1996)

finds its transport is enhanced (reduced) during La Niña (El Niño) events.

Both Palastanga et al. (2007) and Jia et al. (2011b) describe the SICC being

stronger in the austral summer and weaker in the winter. Sharma (1976)
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already suggested that the SICC exhibits seasonal variability influenced by

the monsoonal system, shifting poleward during the northeast monsoon (Dec-

Feb/austral summer) and equatorward during the southwest monsoon (June-

Aug/winter).

The SICC region is characterized by relatively high eddy kinetic energy (EKE)

and large sea surface height variability (Siedler et al., 2006; Palastanga et al.,

2007; Jia et al., 2011b,a). Palastanga et al. (2007), Jia et al. (2011a), and Jia

et al. (2011b) attribute the relatively high EKE in the SICC region to baroclinic

instability of the eastward SICC and the subsurface westward-flowing current.

They suggest that the large EKE variations along 25°S may be related with

changes in the strength and/or position of the SICC. The subtropical SIO is

also characterized by westward propagating planetary waves from sources at

the eastern boundary in several time scales, from intraseasonal to interannual

(e.g., Birol and Morrow, 2001, 2003; Perigaud and Delecluse, 1993; Siedler

et al., 2006; White, 2000; White et al., 2004, and references therein). How

the westward propagating waves and eddies interact with the SICC is considered

still unclear (Palastanga et al., 2009).

Several studies describe the SICC as a shallow eastward current in the upper

300 m depths (Sharma, 1976; Sharma et al., 1978; Palastanga et al., 2007;

Schott et al., 2009; Jia et al., 2011b). Siedler et al. (2006), however, suggest

that the SICC can reach 800 m or deeper, although its core is largely trapped

in the top 200 m depth. The latter authors estimated the SICC transport is

about 10 Sv based on three WOCE sections. Palastanga et al. (2007), however,

consider that the deep-reaching eastward flows in two of these sections are due

to anticyclonic eddies and do not represent the SICC. In the southeast Indian

Ocean, Divakaran and Brassington (2011) describe the SICC vertical structure to

be similar to that found by Siedler et al. (2006), such that the eastward flows can

reach mid and abyssal depths, but with weaker intensities. Thus, even the mean

vertical structure and volume transport of the SICC are, in fact, still uncertain.
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1.4. Thesis Objectives and Outline

The present study aims, in a broad sense, to build a detailed picture of

the eastward currents of the South Indian Ocean by thorough analyses of

several observational datasets, model outputs and reanalysis products. It is

expected that this thesis will offer a groundwork for further studies investigating

the formation mechanisms and the basic dynamics controlling these currents.

Besides filling in some gaps in our present knowledge of the South Indian Ocean

circulation, I hope the present study will offer positive suggestions for naming of

the ocean currents in the South Indian Ocean.

Specifically, the goals of this thesis are:

1. To characterize the structure of the SICC and associated fronts

2. To determine the SICC volume transports, their mean and seasonal cycle

3. To investigate whether or not the STCC-PV paradigm can explain the SICC,

as suggested in the literature

4. To analyse and describe the SICC variability across interannual time scales

5. To examine the different roles of temperature and salinity in the dynamics

of the eastward currents (SICC and EGC)

6. To find out whether or not the SICC and the EGC are currents with the same

genesis

7. To explore recently available salinity data, e.g. from the Aquarius satellite

and RAMA mooring array, since the unique (and still poorly known) salinity

pattern of the SIO may be a key factor to understand the distribution of the

SIO eastward currents

The thesis is organized into six chapters. Each research chapter (Chapters 2-4)

is a self-contained paper, each covering some aspects of the goals described

above. Three of these papers have been published.
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The structure of the thesis is as follows:

Chapter 2 gives a detailed description of the structure of the SICC and associated

fronts, including salinity effects, volume transports, and seasonal variability

based on observations. Further, the STCC-PV paradigm (Appendix A) is

investigated to find out whether or not this paradigm can explain the

SICC. The SICC is found to be best described as composed of three main

branches or jets. The stronger southern jet around 26°S has an associated

thermal front at subsurface depths around 100–200 m, with salinity being

of secondary importance. The analysis suggests that the southern branch

is related to low-PV regions at pycnocline levels and poleward of the front

similar to an STCC-like current. The STCC mechanism, however, does not

seem to explain the multiple jet structure of the SICC, especially its well-

defined central branch around 22°S-24°S. The SICC multiple jet structure

seems to be more related to the formation of PV staircases in the SIO. Based

on the results presented in this Chapter, a new schematic diagram of the

SIO circulation is constructed.

Chapter 3 investigates the importance of salinity gradients to the formation of the

tropical EGC. In the EGC region, salinity overwhelms the temperature con-

tribution to density gradients, generating eastward geostrophic shear and

establishing the EGC. It is shown that without the Indonesian Throughflow-

Subtropical Water subsurface salinity front the EGC cannot be maintained,

supporting the idea that the EGC is a salinity-driven current.

Chapter 4 explores salinity data from the Aquarius satellite, Argo floats and

RAMA mooring array. The study is complemented by the analysis of

altimetric sea surface height and satellite-based wind and precipitation data.

This chapter focuses on three questions: How accurately is Aquarius sea

surface salinity related to in situ data in the fresh(salty) tropical(subtropical)

waters? Can Aquarius give a spatial context for the data measured by the
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RAMA mooring system? Are westward propagating annual-period signals

described in recent model simulations of the SIO reproduced by Aquarius-

derived sea surface salinity? The Aquarius observations are found to be

highly correlated with those of Argo floats, and reproduce quite well the

annual cycle obtained from RAMA buoys. The annual cycle in Aquarius

is characterized by a propagating pattern that can be interpreted as a

superposition of propagating wave modes. These waves are strikingly

different from sea surface height waves.

Chapter 5 examines the interannual variability of the South Indian Countercur-

rent. To characterize this variability, four different datasets are analysed

using multiple tools, which include Singular Spectrum Analysis, wavelet and

cross-wavelet methods. The quasi-biennial band is found to dominate the

SICC low frequency variances. Two distinct spectral peaks are found within

this band, with the main peak in the 1.5-1.8 yr interval and a secondary

(weaker) peak centred at 2.1-2.5 yr, the latter mostly occurring west of

80°E. Interannual and decadal-type modulations of the quasi-biennial signal

are also identified. Within the quasi-biennial band the SICC flow presents

two main configurations with a multiple jet structure. The quasi-biennial

variability propagates westward with phase speeds characteristic of Rossby

waves. Interestingly, the observed quasi-biennial Rossby wave is 2 to 5

times faster than that predicted by the standard Rossby wave theory in the

southern SICC jet domain.

Chapter 6 is a summary and discussion of the results of the whole thesis.



Chapter 2

South Indian Countercurrent (SICC) and

Associated Fronts

Main findings

• SICC is composed of three eastward jets: sSICC (southern), cSICC

(central), and nSICC (northern)

• SICC jets seem to be related to PV staircase formation

• Salinity is of secondary importance for the SICC definition

• The southern jet is similar to a STCC current

• The southern jet has an associated thermal front at thermocline

depths

Published as:

Menezes, V. V., H. E. Phillips, A. Schiller, N. L. Bindoff, C. M.

Domingues, and M. L. Vianna (2014), South Indian Countercurrent

and associated fronts, J. Geophys. Res. Oceans, 119, 6763–6791,

doi:10.1002/2014JC010076.



Chapter 2. South Indian Countercurrent and Associated Fronts 26

Abstract

A striking feature of the South Indian Ocean circulation is the presence of

the eastward South Indian Countercurrent (SICC) that flows in a direction

opposite to that predicted by the classical theories of wind-driven circulation.

Several authors suggest that the SICC resembles the subtropical countercurrents

(STCCs) observed in other oceans, which are defined as narrow eastward jets

on the equatorward side of subtropical gyres, where the depth-integrated flow

is westward. These jets are associated with subsurface thermal fronts at ther-

mocline depths by the thermal wind relation. However, the subsurface thermal

front associated with the SICC has not been described to date. Other studies

conjecture an important role for salinity in controlling the SICC. In the present

work, we analyze three Argo-based atlases and data from six hydrographic

cruises to investigate whether the SICC is accompanied by permanent thermal

and density fronts including salinity effects. The seasonal cycle of these fronts

in relation to the SICC strength is also investigated. We find that the SICC is

better described as composed of three distinct jets, which we name the northern,

central and southern SICC. We find that the southern SICC around 26°S has an

associated thermal front at subsurface depths around 100-200 m with salinity

being of secondary importance. The southern branch strength is related to

mode waters poleward of the front, similar to a STCC-like current. However,

the SICC multiple jet structure seems to be better described as resulting from

PV staircases.

2.1. Introduction

The upper ocean circulation of the South Indian Ocean (SIO) between 22°S and

30°S is characterized by the presence of the South Indian Countercurrent (SICC)

(Siedler et al., 2006; Palastanga et al., 2007; Schott et al., 2009), a permanent

eastward current that flows in a direction opposite to that predicted by classical

theories of wind-driven circulation (Figure 2.1).

The SICC originates at the southern tip of Madagascar around 25°S, possibly fed

by a partial retroflection of the East Madagascar Current (Siedler et al., 2006;

Palastanga et al., 2007), and flows all the way across the basin from Madagascar

to the west of Australia. In the eastern basin, the SICC seems to connect with the

tropical eastward Eastern Gyral Current (EGC) around 15°S and with the Leeuwin
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Figure 2.1.: Long-term annual mean surface geostrophic circulation and

Sverdrup transport streamfunction of the South Indian Ocean. (a)

Geostrophic circulation relative to 1950 dbar from CARS09 for the

period 1950-2008; (b) Absolute geostrophic circulation for the

period 1993-2004 from Gravity Recovery and Climate Experiment

(GRACE) satellite-based mean dynamic topography (VM08HR). In

Figure 2.1a and 2.1b colors represent zonal geostrophic velocities

(u). Only vectors with intensities greater than 1 cm/s are

plotted. Red contours show the position of the northern cell of

the subtropical gyre, east of Madagascar, and the gyre associated

with the Eastern Gyral Current (EGC). These contours are the 240

dyn cm of dynamic height from CARS09 (Figure 2.1a) and 70 cm

of absolute dynamic topography (Figure 2.1b), respectively. (c):

Sverdrup streamfunction (color) and Ekman transport (vectors) for

the period 1948-2002 derived from the NCEP (National Centers for

Environmental Prediction) Reanalysis winds from Shi et al. (2007).

Red contours in Figure 2.1c depict the region of the wind stress

minimum (N/m2).



Chapter 2. South Indian Countercurrent and Associated Fronts 28

Current, the only poleward-flowing eastern boundary current in the world (Schott

et al., 2009, and references therein).

Although the SICC has only recently been recognized as a permanent feature of

the SIO circulation, Sharma (1976) and Sharma et al. (1978) described a shallow

eastward current between 22°S and 26°S associated with a thermal front. He

named that current the South Indian Tropical Countercurrent, pointing out that

it was evident in all surface geopotential charts from the Indian Ocean Atlas

produced by Wyrtki in 1971 and also on the surface currents maps from the

Royal Netherlands Meteorological Institute in 1952.

Despite being a permanent feature of the large-scale circulation, the formation

mechanism and dynamics controlling the SICC are still largely unknown (Palas-

tanga et al., 2007; Siedler et al., 2006; Schott et al., 2009). Since the SICC

flows opposite to the direction predicted by classical theories of wind-driven

circulation, and its geographic location is at the same latitude range as the

subtropical countercurrents (STCC) observed in the Pacific and North Atlantic,

many authors (e.g., Sharma, 1976; Siedler et al., 2006; Palastanga et al., 2007;

Jia et al., 2011b; Kobashi and Kubokawa, 2012) suggest that the SICC dynamics

must be similar to the STCCs.

Kobashi and Kubokawa (2012) define a STCC as a narrow eastward jet on

the equatorward side of a subtropical gyre, where the depth-integrated flow is

westward as predicted by the Sverdrup theory. The jet accompanies a thermal

and a density front, which they call the Subtropical Front (STF), occurring at

subsurface depths around 100-200 m. This front gives rise to an eastward shear

near the surface by the thermal wind relation. Observational and theoretical

studies have shown that the STCC front is tightly related to low potential vorticity

(PV) regions (mode waters) at the pycnocline level and poleward of the front

(e.g., Aoki et al., 2002; Kobashi et al., 2006; Kobashi and Kubokawa, 2012, and

references therein).
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In the South Indian Ocean, however, both the southern and northern branches

of the Subtropical Front, also called Subtropical Convergence Front, are located

south of 30°S (Belkin and Gordon, 1996; Lan et al., 2012; Graham and

De Boer, 2013). Nevertheless, Palastanga et al. (2007) and Siedler et al. (2006)

conjecture the presence of a secondary density front between 20°S and 30°S

possibly caused by a strong meridional salinity gradient east of 75°E, and suggest

that the SICC might be the jet associated with this salinity front in terms of

thermal wind balance. The strong meridional salinity gradient is due to the

presence of the fresh waters of the Indonesian Throughflow (ITW) and the salty

subtropical waters (STW).

These two different ideas in the literature about the front associated with the

SICC (salinity versus thermal front) are probably related to the sparseness of the

historical hydrographic observations in the SIO, especially in relation to salinity

(e.g., Roemmich and Gilson, 2009). Fortunately, the present-day ongoing Argo

program has been collecting globally-distributed upper ocean temperature and

salinity vertical profiles since 2004 and several climatological atlases have been

constructed. We can now use these new datasets to answer the question of

whether the SICC is a jet associated with a salinity front as conjectured by

Palastanga et al. (2007) and Siedler et al. (2006) or with a subsurface thermal

front like the STCCs.

The objective of the present work is to give a detailed description of the structure

of the SICC and associated fronts for the first time, including salinity effects,

volume transports, and seasonal variability based on observations. Furthermore,

we investigate whether or not the STCC paradigm would also explain the SICC

as recently suggested by Kobashi and Kubokawa (2012). This effort lays

the groundwork for future studies investigating the formation mechanism and

dynamics controlling the SICC.

We find that the SICC is best described as composed of three main branches
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or jets. The stronger southern branch around 26°S has an associated thermal

front at subsurface depths around 100-200 m, with salinity being of secondary

importance. Our analysis suggests that the southern branch is related to low-PV

regions at pycnocline levels and poleward of the front similar to that related to a

STCC-like current. The STCC mechanism, however, does not seem to explain the

multiple-jet structure (or fine-structure) of the SICC, especially its well-defined

central branch around 22°S-24°S. The SICC multiple jet structure seems to be

more related to the formation of PV staircases in the SIO.

The paper is organized as follows. Sections 2.2 and 2.3 describe the observa-

tional data sets and analysis used here, respectively. Results are found in section

2.4, where special attention is given to assess the importance of salinity for the

SICC definition as conjectured by Palastanga et al. (2007) and Siedler et al.

(2006). Section 2.5 investigates the SICC under two PV paradigms: the STCC

(low-PV regions poleward of the front at pycnocline level) and the PV staircase.

Section 2.6 provides a summary of the relevant results of this work.

2.2. Data

2.2.1. Climatologies

Three Argo-based temperature and salinity annual mean and seasonal atlases

have been analyzed: (1) CSIRO (Commonwealth Scientific and Industrial

Research Organisation) Atlas of Regional Seas (CARS09) version 2011.1.0

(Ridgway et al., 2002; Condie and Dunn, 2006); (2) the Roemmich-Gilson

Argo Climatology 2012 (RG) (Roemmich and Gilson, 2009) and (3) the Monthly

Isopycnal and Mixed-Layer Climatology version 2.2 (MIMOC) (Schmidtko et al.,

2013). A comparison among these atlases and the WOA09 has been done

by Schmidtko et al. (2013). They show that the three atlases analyzed here

present less spatial smoothing than WOA09 (World Ocean Atlas 2009), and are



Chapter 2. South Indian Countercurrent and Associated Fronts 31

thus more suitable to study fronts such as those associated with subtropical

countercurrents.

CARS09 is a global atlas of ocean water properties. It is based on a com-

prehensive set of quality-controlled vertical profiles of in situ temperature (T ),

practical salinity (Sp), oxygen, nitrate, silicate, and phosphate. The raw profiles

belong to different databases that include the i) Argo global archives up to May

2009, ii)World Ocean Database 2005, iii)WOCE (World Ocean Circulation Exper-

iment) hydrographic data, iv) profiles from TAO/TRITON (Tropical Atmosphere

Ocean/Triangle Trans-Ocean Buoy Network) Array moorings, v) CSIRO Marine

and Atmospheric Research and the New Zealand National Institute of Water and

Atmospheric Research archives (Condie and Dunn, 2006). Most of these data

were collected between 1950 and 2008. The scattered data were mapped onto

gridded fields using a locally weighted least squares quadratic smoother that

takes into account the bottom topography and uses an adaptive smoothing scale

that depends on the data density (Ridgway et al., 2002). The mapping algorithm

also involves simultaneous fitting of annual and semiannual harmonics.

The CARS09 gridded fields cover the region between 0°E and 360°E and 75°S

and 90°N, have horizontal grid resolution of 0.5°× 0.5°, and are mapped onto 79

standard depths from the sea surface to 5500 m. Annual harmonics are defined

down to 1800 m and the semi-annual down to 1000 m. Note that the so-called

effective spatial resolution of CARS09 varies over the whole domain due to the

variable mapping scales approach (Ridgway et al., 2002). For example, at the

surface level the effective resolution (which is different from the regular grid

resolution) ranges from 110 km at the Australian meridional boundaries to more

than 550 km in the Southern Ocean.

The RG climatology of T and Sp properties is an atlas derived from quality-

controlled vertical profiles obtained only by Argo floats (Roemmich and Gilson,

2009). The RG version used here is based on 8 years of Argo data from 1
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January 2004 through 31 December 2011. The RG gridded fields were obtained

by a procedure that combines a weighted least-squares smoother (first guess)

as developed by Ridgway et al. (2002) and optimal interpolation. The mapping

algorithm is fully described by Roemmich and Gilson (2009). For the optimal

interpolation, the covariance function is represented as the sum of a small-

scale Gaussian function and a large-scale exponential function. In contrast to

CARS09, six temporal harmonics with periods of 2-12 months are fitted. The RG

climatology covers the region between 0°E and 360°E and 65°S and 65°N. Two

versions for the annual mean fields are available with horizontal grid resolution

of 1/6°× 1/6° and 0.5°× 0.5°, respectively. Monthly means are available only

with 0.5°× 0.5° resolution. The RG dataset is defined at 58 standard pressure

levels from the surface to 1975 dbar. We use only the 0.5°× 0.5° RG version

to be consistent with CARS09 and MIMOC atlases, although the effective spatial

resolution in RG also varies over the whole domain.

The MIMOC is a global atlas of temperature and salinity properties, with

horizontal grid resolution of 0.5°× 0.5° from 80°S to 90°N. It is based on quality-

controlled vertical profiles mostly obtained from Argo floats up to January 2012,

and complemented with ice-tethered profilers and World Ocean Database 2009

archives (Schmidtko et al., 2013). MIMOC is originally computed at isopycnal and

mixed layer coordinates using an optimal interpolation procedure that accounts

for the influences of bathymetry and latitude (Johnson et al., 2012; Schmidtko

et al., 2013). The mapping algorithm includes a front-sharpening weighting

scheme and data collected before 2007 are de-emphasized by decreasing their

signal-to-noise energy in the covariance matrix. After mapping, MIMOC fields in

the mixed layer and on each interior ocean isopycnal surface are smoothed with

a two-dimensional fifth-order binomial filter and gaps are filled with a spatial

third-order binomial filter (Schmidtko et al., 2013).

Three MIMOC products are available: i) conservative temperature and absolute

salinity (IOC et al., 2010; McDougall et al., 2012) fields in the mixed layer, ii)
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the same properties mapped on isopycnal layers for the interior ocean, and iii)

potential temperature referenced to 0 dbar (θ) and practical salinity in pressure

coordinates. In the present study, we use the pressure-mapped product since it

is similar to CARS09 and RG climatologies. The pressured-mapped MIMOC spans

from the surface to 1950 dbar at 81 standard pressure levels.

The potential temperature θ at each vertical level for CARS09 and RG clima-

tologies was calculated using the SeaWater (GSW) Oceanographic Toolbox of

TEOS-10 (the International Thermodynamic Equation of Seawater 2010) from in

situ T and absolute salinity (Sa) (IOC et al., 2010; McDougall and Barker, 2011).

Conversion between the original Sp to Sa and from depth to sea pressure was

performed using the TEOS-10 Toolbox as needed. The toolbox was also used to

calculate the density of seawater (ρ), the potential density of seawater (σθ), the

seawater thermal expansion coefficient (α) with respect to θ and the seawater

saline contraction coefficient (β) at constant θ for each climatology described

above.

In the present paper, all salinity fields refer to absolute salinity Sa values that

now have units of g/kg (IOC et al., 2010; McDougall and Barker, 2011).

2.2.2. Hydrographic Data

We analyzed salinity and temperature profiles between 20°S and 32°S from six

meridional hydrographic sections collected in: i) 1995 during the WOCE (55°E,

80°E, and 95°E); ii) 2007 (95°E) and iii) 2012 and 2013 (105°E) (Table 2.1).

The quality-controlled CTD (Conductivity-Temperature-Depth) data from WOCE

and 2007 cruises are available at CLIVAR & Carbon Hydrographic Data Office

(http://cchdo.ucsd.edu/indian) and the 2012/2013 cruises at CSIRO Marine and

Atmospheric Research Data Centre (http://www.marine.csiro.au/nationalfacil-

ity/voyages/datasets.htm).
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Table 2.1.: Meridional hydrographic sections analyzed in this study. Date column

refers to the date of occupation of 20°S-30°S

Longitude Vessel Date Cruise

54°E 30' R/V Knorr 11 June to 11 July, 1995 WOCE section I4-5W-7C

80°E R/V Baldridge 23 September to 24 October, 1995 WOCE section I8NR

95°E R/V Knorr 24 January to 5 March, 1995 WOCE section I09N

95°E R/V Roger Revelle 27 March to 1 May, 2007 CLIVAR/CO2 section I9N

105°E R/V Southern Surveyor 24 August to 6 September, 2012 Voyage ss2012_v04

105°E R/V Southern Surveyor 10 July to 14 July, 2013 Voyage ss2013_v04

In all cruises, the CTD stations are typically 55 km apart along the meridional

sections and the quality-controlled profiles have a vertical resolution of 2 dbar.

We linearly interpolated these data to a common meridional and vertical grid.

No extrapolation has been done. The meridional grid was defined from 32°S to

20°S with resolution of 0.2°, and vertical grid from 2 to 2000 dbar with vertical

resolution of 2 dbar.

2.3. Methods of Analysis

2.3.1. Fronts

Oceanic fronts are narrow bands that separate different water masses. They

are marked by sharp changes in the vertical structures and enhanced horizontal

gradients of physical, chemical, and biological properties (Belkin and Gordon,

1996; Lan et al., 2012). In the present study, we use the traditional gradient-

based method to identify the fronts, though more sophisticated methods have

been recently developed (Lan et al., 2012; Qiu and Kawamura, 2012). The

gradient-based method is simple and straightforward, identifying high horizontal

gradient values of temperature, salinity, and density associated with fronts.

However, because the method is based on the gradient fields, it is very sensitive

to errors and noise in the observational data (Lan et al., 2012; Qiu and
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Kawamura, 2012). This disadvantage was circumvented here using the approach

formulated by Anderssen and Hegland (1999) instead of the classical three-

point centered difference scheme (also known as the mid point formula). The

Anderssen-Hegland method takes into account the data dimensionality and uses

an averaging scheme to produce a stable numerical differentiation with increased

accuracy (see e.g., Strang, 2007).

The gradient of a seawater property ∇p at each vertical level is given by:

wi,j =

r1∑
k=−r1

r2∑
m=−r2

pi+m,j+k (2.1)

∂p

∂x

∣∣∣∣
i,j

=
wi,j+s2

− wi,j−s2
2(2r1 + 1)(2r2 + 1)s2d

(2.2)

∂p

∂y

∣∣∣∣
i,j

=
wi+s1,j

− wi−s1,j

2(2r1 + 1)(2r2 + 1)s1d
(2.3)

where p represents a seawater property (temperature, salinity, or density), w is

the sum of p used in the averaging, x and y are the eastward and northward

coordinates as usual, respectively, d is grid resolution, i and j are row and

column indices, respectively, r1 and s2 control the averaging in the x direction and

r2 and s1 control the averaging in the y direction (dimensionless parameters).

By applying this two-dimensional spatial neighborhood averaging method for

numerical differentiation, one obtains a stable scheme with the increased

accuracy of O(d) (Anderssen and Hegland, 1999). Because the South Indian

Ocean currents and fronts away from continental shelves are predominantly

zonal, we chose an anisotropic set of parameters (r1 = s2 = 3 and r2 = s1 = 1),

meaning that the derivatives have been estimated using 10 points (7 points in

the x direction and 3-points in the y direction). These values were reached after

a couple of tests in which we tried to balance the reduction of the noise and the

smoothing in the front strength. In the present work, we focus on the meridional

gradients since the SICC is mostly zonal.
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The Anderssen-Hegland method was also used to estimate vertical and merid-

ional gradients from the hydrographic sections, but in this case r1 and s2 control

the averaging in the z direction and r2 and s1 control the averaging in the y

direction. We chose an isotropic set of parameters (r1 = s2 = 3 and r2 = s1 = 3).

Recall that the hydrographic sections have a resolution of 0.2° in latitude and

the atlases are defined on a 0.5°× 0.5° grid.

2.3.2. Temperature and Salinity Effects on Density

To evaluate the relative effect of temperature and salinity on density, the

horizontal density ratio (Rh) and respective Turner angle (Tu) (Tippins and

Tomczak, 2003) have been computed for each vertical level from the potential

temperature θ and absolute salinity (Sa) fields. R
h is given by α∆θ/β∆Sa, where

∆θ and ∆Sa are the changes in potential temperature and absolute salinity over

a fixed horizontal distance in the zonal or meridional directions. Since the SICC is

mostly zonal, we focus on the meridional density ratio and respective Tu. Thus,

∆θ and ∆Sa are computed along meridians over a 0.5° distance (grid spacing).

A value of Rh = 1 means that the salinity and temperature effects on density

cancel each other, the compensation phenomenon that occurs in certain fronts

(e.g., a horizontal front formed by cold and fresh waters on one side and warm

and salty waters on the other) (Rudnick and Ferrari, 1999). A Rh = 2 means

that the effect of temperature on density is twice and opposite to that of salinity

while Rh < 1 means that the salinity effect is more important. Although the

interpretation of Rh is straightforward, it is very sensitive to ∆Sa and R
h goes to

infinity when ∆Sa vanishes. To reduce this problem, Rudnick and Martin (2002)

and Tippins and Tomczak (2003) introduced the horizontal Turner angle defined

as Tu = arctan(Rh) with −π/2 ≤ Tu ≤ π/2. In this case, a density compensation

occurs when |Tu| = 45°. Salinity gradients dominate the density variations when

|Tu| � 45°, and temperature gradients when |Tu| � 45°. Hereafter, Tu refers to
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meridional Turner angles.

2.3.3. Temperature and Salinity Contributions to the SICC

By the thermal wind relation, geostrophic currents are related to horizontal

gradients of density, and so to the horizontal gradients of temperature and

salinity. Assuming a linearized equation of state for seawater, the thermal wind

relation can be written as (e.g., Gill, 1982):

∂v

∂z
=
g

f
k × (α∇θ − β∇S) (2.4)

where v = ui+ vj; u, v are the zonal and meridional components of geostrophic

currents; i, j,k are the unit vectors; ∇ = i∂/∂x + j∂/∂y is the horizontal

gradient; x, y and z are the eastward, northward, and upward coordinates as

usual, respectively, g is gravity, and f is the Coriolis parameter.

The horizontal gradient has been estimated using the Anderssen-Hegland scheme

as described above. Velocity v(z) is then computed in the usual way by

integrating equation (2.4) upward from a reference level of assumed no motion

(zref ). Since MIMOC is defined down to 1950 dbar, we used this level as the level

of no motion zref = 1950 dbar. Based on water mass properties, Stramma and

Lutjeharms (1997) found that density surface σ2 = 36.94 (depth range 1500-2500

m) in the Indian Ocean is an adequate zref for the geostrophic computation in the

subtropical region, north of 40°S. This surface lies below the oxygen minimum

layer and above the Circumpolar Deep Water (Stramma and Lutjeharms, 1997).

We have computed geostrophic currents using other values of zref (1000 dbar,

1500 dbar and 3000 dbar [only for CARS09]), and their patterns are very similar

(not shown). Thus, the choice of zref does not affect the conclusions discussed

in the present work.

Considering the temperature and salinity gradients separately, we can use the
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thermal wind relation to evaluate the contribution of salinity and temperature

to the vertical shear of zonal geostrophic velocities, as done by Menezes et al.

(2013). The vertical shear of u due to temperature is given by ∂uT /∂z =

(−gα/f) ∂θ/∂y and that due to salinity is given by ∂uS/∂z = (gβ/f) ∂S/∂y.

The vertical integration of ∂uT /∂z and ∂uS/∂z from zref then gives uT and

uS. The relative contribution from temperature and salinity to the SICC can be

evaluated as rT = uT /u, and rS = uS/u, respectively, where u is the total zonal

geostrophic velocity based on density, uT includes only temperature and uS only

salinity effects. To give percentages of temperature and salinity contributions,

the ratios rT (rS) are multiplied by 100. Values of rS(rT ) > 100 mean that

the temperature (salinity) acts to reduce the eastward shear (opposite effect

on density, see equation (2.4)). Values of rT (rS) ≤ 0 mean that temperature

(salinity) contributes to westward shear.

2.3.4. SICC Volume Transport

From zonal geostrophic velocity fields referenced to 1950 dbar computed as

described above, the annual-mean and seasonal SICC zonal volume transports

were estimated for each atlas. The zonal volume transport in a section crossing

the x zonal position is given as U(x) =

∫ y2

y1

∫ z2

z1

u(x, y′, z′)dy′dz′, where U(x)

is the zonal transport in Sv (1 Sv ≡ 106m3/s), y1, y2 represent the latitudinal

limits, and z1, z2 = 0m represent the depth limits of integration. To estimate only

the eastward transports (SICC), we first constructed masked u datasets that only

include eastward zonal velocities at the surface. The z1 limit was then determined

as the depth where the zonal velocity changes from positive to negative, or 300

m, whichever is deeper. We chose 300 m here because this is the depth range of

the thermal front associated with the SICC, as will be discussed later. The limits

of integration y1 and y2 were roughly determined according to the SICC branch

meridional intervals, as will be shown in the section 2.4.
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2.3.5. Auxiliary Parameters: Mixed Layer and Thermocline

Depths

Annual-mean and seasonal mixed layer depth (MLD) fields for each atlas were

determined through the diagnostic method, i.e., as the depth at which the

potential density changes by 0.125 kgm−3 relative to that at the surface

(de Boyer Montegut et al., 2004). We also calculated two estimates of

thermocline depth for the annual-mean and seasonal fields given by i) the depth

of the maximum vertical gradient ∂θ/∂z and ii) the depth of maximum Brunt-

Väisala frequency (N2 =
−g
σθ

∂σθ
∂z
, where g = 9.8 m/s2, σθ is potential density,

and z is depth). Here ∂θ/∂z and ∂σθ/∂z have been estimated using centered

finite differences. Differences between thermocline depth estimates might be

related to temperature and salinity effects, since N2 depends on vertical density

gradients.

2.4. Results

2.4.1. Multiple SICC Branches

In the annual mean surface geostrophic circulation maps referenced to 1950 dbar

from CARS09 and RG, the SICC can be described as composed of three main

distinct cores, which are embedded in a broad and weak eastward flow that

dominates the region south of 20°S. These cores are particularly distinct east

of 80°E. For example, Figure 2.1a shows the surface annual-mean geostrophic

circulation pattern referenced to 1950 dbar from the CARS09 atlas, which is very

similar to that obtained from RG (not shown). Hereafter, we will refer to these

cores as SICC branches.

In the annual mean surface geostrophic circulation maps from CARS09 and RG,

the SICC originates near the southern tip of Madagascar around 25°S-50°E as
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Figure 2.2.: Annual mean surface dynamic height referenced to 1950 dbar from

CARS09 (color). Northern and southern cells refer to the anticyclonic

recirculation cells of the South Indian Ocean subtropical gyre.

Vectors show the surface geostrophic circulation also referenced to

1950 dbar associated with the northern cell. Currents indicated are:

the westward South Equatorial Current (SEC) and northern branch

of the South Indian Countercurrent (nSICC) (flowing north-eastward

on the southern limb of the northern cell).

a relatively strong and well-organized jet with intensities between 9 and 14(18)

cm/s in CARS09 (RG) and width around 3.5° in latitude. It flows on the southern

limb of the northern cell of the subtropical gyre (red contour in the western basin

of Figure 2.1a). Recall that the subtropical gyre in the SIO has a double-cell

structure (Figure 2.2) (Palastanga et al., 2007, 2009). The southern recirculation

cell is located in the south-western corner of the SIO, west of the Madagascar

Ridge, and has the Agulhas Current flowing on its western flank (e.g., Stramma

and Lutjeharms, 1997; Palastanga et al., 2007). As noted by Schott et al. (2009),

the SICC seems to be partly supplied by a source farther to the west, which in

CARS09 and RG is the Agulhas Return Current (not shown) (e.g., Lutjeharms

and Ansorge, 2001).

Just on the Central Indian Ridge (65°E-68°E at 25°S), the SICC splits into two
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main branches: a weaker northern SICC branch with maximum intensity around

4-5 cm/s and a stronger southern branch (8-12 cm/s) (Figure 2.3). While the

northern SICC continues to flow on the southern limb of the northern cell of

the subtropical gyre, the southern branch flows with a slightly poleward slant

(26°S-28°S). Notice that the northern cell of the gyre has a roughly elliptical

shape, with the major axis tilting slightly equatorward. This cell is embedded

in a zonally slanted mean dynamic height (MDH) ridge between Madagascar

and the Indonesian Throughflow region (e.g., see Figure 2.2 and Vianna and

Menezes (2010, Figure 1)). The southern limb of the northern cell begins at the

Madagascar shelf at 25°S and ends near the Ninety East Ridge (≈ 88°E) around

18°S-16°S (in Figures 2.1 and 2.2) (see also Schott et al., 2009, Figure 5a). The

reason for the existence of the slanted recirculation cell east of Madagascar and

the MDH ridge is still to be determined (Palastanga et al., 2007, 2009; Schott

et al., 2009).

Flowing on the southern limb of the northern cell of the subtropical gyre, the

northern SICC branch has an equatorward slant orientation, particularly east of

70°E. Aiming at a better visualization of this branch, that is difficult to distinguish

in Figure 2.1a, Figures 2.2 and 2.3 show, respectively, the CARS09 surface mean

dynamic height referenced to 1950 dbar overlaid with the surface circulation

pattern associated with the northern cell and a zoom in the circulation pattern

of the western basin. Part of the northern SICC seems to recirculate into the

westward-flowing South Equatorial Current (SEC), and part seems to merge with

the tropical EGC around 15°S-100°E as already described by Schott et al. (2009).

The tropical EGC flows eastward on the southern flank of the tropical Eastern

Gyre, which is also embedded in the MDH ridge described before (see Figure

2.2).

From the Central Indian Ridge to 75°E, the southern SICC branch between 26°S

and 30°S is quite regular and robust with intensities of 7-11 cm/s (Figure 2.1a).

Between 75°E and 80°E, the southern SICC suffers a series of bifurcations and
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Figure 2.3.: Annual mean surface geostrophic circulation (vectors) in the western

basin between 50°E and 85°E and 16°S-32°S from CARS09 (Figure

2.3a) and RG (Figure 2.3b). Shading is the bottom topography

from Smith-Sandwell 2-min bathymetry, where green represent the

Central Indian Ridge. nSICC stands for the northern branch, sSICC

for the southern branch and cSICC for the central branch of the

South Indian Countercurrent. The red box only indicates the region

where the nSICC is strongest.

part of the flow goes slightly equatorward to form the central SICC branch around

22°S (Figure 2.3). Then, the central SICC flows with poleward slant between

25°S and 22°S and intensities around 6 cm/s, being distinct from the southern

branch east of 75°E and 80°E (Figure 2.4).

Hereafter, we consider the well-organized jet of the SICC west of the Central

Indian Ridge as being part of the southern branch because, as we will show

in the next section, the front associated with the southern branch begins near

Madagascar. Thus, despite the bifurcation/merging observed on its northern

limb, the southern SICC flows almost zonally from Madagascar to the west of
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Figure 2.4.: Annual mean surface geostrophic circulation (vectors) west of 75°E

between 20°S and 32°S from CARS09 (Figure 2.4a) and RG (Figure

2.4b). Shading is the bottom topography from Smith-Sandwell

2-min bathymetry. sSICC (cSICC) stands for the southern (central)

branch of the South Indian Countercurrent. Notice that the vector

scale is different from Figure 2.3

Australia around 26°S, with a slight poleward orientation. Note that north-

eastward flows originating from the South Indian Ocean Current around 40°S

(not shown) (e.g., Stramma, 1992) seem to present a confluence with the

southern SICC branch as already described by Palastanga et al. (2007).

A similar triple-core SICC pattern is identified in CARS09 and RG maps whether

the reference level is 1000 dbar, 1500 dbar or 3000 dbar (only for CARS09) (not

shown). It should be noted, however, that the MIMOC atlas does not show this

triple-core pattern: it only shows a broad eastward flow with enhanced velocities

in the southern SICC (5-10 cm/s), which can be identified in the region south

of 20°S (not shown). This lack of sufficient resolution is probably caused by the

low-pass binomial spatial filter applied to the production of the MIMOC fields (see

section 2.2.1). Despite the smoothness of the surface geostrophic current field,

MIMOC is able to capture the differences between the thermal fronts associated
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with the branches. This is one reason why we also analyze the MIMOC atlas in

the present work.

Siedler et al. (2006) have already described the SICC as strong and well defined

between Madagascar and 80°E and becoming broader east of this meridian,

based on a 5-year average surface geostrophic circulation from satellite altimetry.

Moreover, Divakaran and Brassington (2011) describe the surface circulation in

the eastern basin (east of 90°E) as resembling an arterial-like structure. To

verify that the triple-core pattern of the SICC observed in CARS09 and RG can be

identified in satellite products, we have analyzed several different pure geodetic

and hybrid satellite-derived absolute Mean Dynamic Topography (MDT) products

(VM08-HR, CLS09, VMC07, Maximenko-Niiler04, JPL08, DNSC08 and Rio05, see

Vianna and Menezes (2010) for a complete description of these MDTs). Similar

triple-core patterns can be identified in all of the surface geostrophic circulation

fields derived from those products, although the core speeds vary among them.

For example, Figure 2.1b shows the absolute surface geostrophic circulation

derived from the geodetic VM08-HR MDT. This MDT product has a 0.1° grid

resolution and is based on the DNSCMSS08 (Danish National Space Center)

Mean Sea Surface and the Earth Gravitational Model 2008 (EGM08) (Vianna and

Menezes, 2010). No in situ oceanographic data have been used in the VM08-HR

computation. Note the similarity between the surface circulation patterns from

Figures 2.1a and 2.1b, which are based on two completely independent data

sources: hydrography (referenced to 1950 dbar) and satellite MDT (absolute).

Thus, the SICC pattern composed of a triple-jet structure seems to be strongly

independent of the time average period considered, and also not dependent on

the MDT model used: it seems to be a robust mean structure, resembling the

structure of eastward flows observed in other oceans (e.g., the STCC in the North

Pacific Ocean) (Kobashi et al., 2006; Vianna and Menezes, 2010; Kobashi and

Kubokawa, 2012).

A vertical section of annual-mean zonal geostrophic velocities from CARS09 and
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Figure 2.5.: Vertical sections of annual mean zonal velocities averaged between

75°E and 85°E (a) showing the 3 SICC branches. (b) Eastward

volume transports (Ux) 0/300 m in Sverdrups averaged from

CARS09, RG and MIMOC (1 Sv ≡ 106m3/s), the top figure referring
to the EGC, middle figure to the cSICC and nSICC branches,

and bottom to the sSICC. Pink shadings show the respective

minimum/maximum eastward transports and maps indicate the y
range of integration at each longitude x (see text for details).
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RG in the region where the three SICC cores begin to be particularly distinct,

between 75°E and 85°E, indicates that the central SICC branch is shallower (150

m) than the southern SICC (300-350 m) (Figure 2.5a). In both CARS09 and

RG, the northern SICC is weak (u ≈ 1-3 cm/s) and confined to the upper 50

m, mostly inside the mixed layer. Below these eastward currents, the flow is

westward. In MIMOC, only a broad eastward flow exists between 20°S and 32°S,

and is strongest (u ≈ 7 cm/s) at 26°S (not shown). For a qualitative comparison,

we have plotted a similar vertical section of the total zonal velocities averaged

between 1993 and 2010 from outputs of the 1/10° grid resolution eddy-resolving

model OFAM3 (Ocean Forecasting Australia Model, non data assimilated) (Oke

et al., 2013). The pattern in OFAM3 is similar to that obtained from CARS09 and

RG with the central SICC being shallower (≈ 180 m) than the southern SICC (≈

450 m) (Figure 2.5a). Note that the northern SICC does not clearly appear in

OFAM3 probably because this geostrophic current, being very shallow and weak,

is masked by the westward Ekman component of the model in the first 10-20 m.

In this study, we have estimated for the first time the annual mean eastward

volume transports 0/300 m for each SICC branch. Figure 2.5b shows the

eastward transports of each branch averaged between the three atlases (red

curves) and the minimum/maximum values (shadings). Note that the SICC

branches are shallower than 300 m on average (Figure 2.5a), and the limits

of integration y1 and y2 for the transport calculation vary with longitude as

described in section 2.3.4. These limits were roughly determined according to

the meridional intervals of the SICC branches based on Figure 2.1a (CARS09).

The boxes in the maps of Figure 2.5b show the different y-limits of integration.

The southern SICC has an annual-mean eastward volume transport around 4

Sv from 50°E up to 75°E; east of this meridian the transport is slightly lower

(≈ 3 Sv) (Figure 2.5b, bottom). The northern and the central SICC transports

are shown in Figure 2.5b (middle). Note that from 65°E to 80°E, the eastward

transport shown in this part is that of the merged northern and central SICC
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Figure 2.6.: Schematic representation of the upper-layer circulation of the South

Indian Ocean based on Figure 2.1. Currents indicated are: the three

branches of the South Indian Countercurrent (northern [nSICC],

central [cSICC] and southern [sSICC]), the South Equatorial Current

(SEC), the East-Madagascar Current (EMC), Agulhas Current (AgC),

the seasonally reversing South Java Current (SJC), the Eastern Gyral

Current (EGC), and the Leeuwin Current (LC). Question marks (?)

indicate regions where the circulations are still a matter of debate:

the retroflection of the EMC and its connection to the SICC, and the

connection between the SICC and the tropical EGC. Spirals indicate

the southward-propagating Mozambique Channel eddies. Yellow

shadings show the Indonesian Throughflow Water (ITW) and the

subtropical Water (STW) regions. ITF stands for the Indonesian

Throughflow. Water depths are blue shadings from the Smith-

Sandwell 2-min bathymetry.

branches, being less than 1 Sv. East of 80°E, the volume transport of the central

SICC increases and reaches a maximum of 5 Sv (in RG) around 110°E (3 Sv in

CARS09 and 2.4 Sv in MIMOC). The eastward transport for the EGC is on the top,

and varies from <0.5 Sv at 95°E to 2-3 Sv at 110°E.

Based on the surface geostrophic maps obtained from satellite and hydrographic

data, including CARS09 and RG, and the analysis of the subsurface structure

of these branches, we have drawn a more detailed schematic diagram of the

large-scale upper-ocean mean circulation of the SIO in which the three branches

of the SICC appear explicitly (Figure 2.6). We refer to these branches as the

northern (nSICC), the central (cSICC) and the southern SICC (sSICC).



Chapter 2. South Indian Countercurrent and Associated Fronts 48

2.4.2. Subsurface Thermal Front Associated with the Southern

SICC

Analysis of the annual-mean meridional gradients of potential temperature

(∂θ/∂y) from CARS09, RG and MIMOC shows that in the southern SICC region the

highest positive gradients are found between 150 and 250 m (Figure 2.7, left). In

the southern hemisphere (f < 0), eastward shear arises from positive (negative)

meridional gradients of temperature (salinity). Hereafter in this section, we will

refer to the meridional gradients of potential temperature as simply temperature

gradients. Note that in the figure, we have used colored vectors to facilitate the

identification of two SIO eastward flows: the subtropical SICC (south of 20°S)

and the tropical EGC (between 15°S and 20°S, and east of 90°E). For details

about the EGC see Menezes et al. (2013, and references therein).

Data from the three atlases analyzed here show a similar distribution of the

depth of maximum ∂θ/∂y (Figure 2.7, left). The distribution is characterized

by a band between 23°S and 28°S extending from Madagascar to the west of

Australia with maximum temperature gradients around 150-250 m (green color

in Figure 2.7, left). Notice that this band is almost collocated with the southern

branch of the SICC, indicating that a subsurface thermal front might exist there.

Outside this band, maximum temperature gradients occur at shallower depths

(<75 m), except near 10°S. In the southern SICC region, the MLD is shallow in

the western basin (20-30 m) and deeper in the eastern basin, reaching 50-60

m east of 95°E (Figure 2.7). While CARS09 and RG have similar MLD, MIMOC

presents deeper mixed layers with a spatial distribution different from the other

atlases. These differences are probably related to the technique used for the

MIMOC construction. In MIMOC, the mixed layer is treated separately from the

interior ocean isopycnal maps and merged a posteriori (Schmidtko et al., 2013),

while in CARS09 and RG the data are mapped directly in pressure coordinates

(Ridgway et al., 2002; Condie and Dunn, 2006; Roemmich and Gilson, 2009).
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Figure 2.7.: (left): Depth (m) at which the meridional gradient of potential

temperature (∂θ/∂y) is maximum in the annual-mean fields.

Black/red vectors are the eastward geostrophic currents at the

surface referenced to 1950 dbar. Vectors are only plotted for

currents with intensities greater than 1.5 cm/s. Black vectors are

used for the SICC and red vectors for the EGC. EGC is the eastward

current between 15°S and 20°S, east of 90°E and SICC denotes

the eastward flows south of 20°S. (right): Annual mean mixed

layer depth (MLD). Gray contours are the 2000 m and 3000 m

isobaths from Smith-Sandwell 2-min bathymetry. cSICC(sSICC)

stands for the central(southern) SICC branch. The boxes indicate

the areas corresponding to the SICC branches. The sSICC is within

the southern rectangle with a slightly poleward slant and the cSICC

is within the central zonal rectangle. The polygon with the marked

equatorward slant centered near 70°E only indicates the region

where the nSICC is strongest.
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Figure 2.8.: Annual-mean meridional gradient of potential temperature (∂θ/∂y)
from CARS09 at (a) 10 m, (b) 200 m, and (c) 600 m. White lines

show the position of the sections plotted in (d,f). In Figure 2.8d,

∂θ/∂y along the slanted section (no average). In Figure 2.8f, along
105°E (averaged between 102.5°and 107.5°E). Contours in Figures

2.8d and 2.8f are: i) the isopycnals σθ = 24, 25, 26, 26.5, 27 and 27.5
(gray), ii) the mixed layer depth (white), iii) the depth of the

maximum ∂θ/∂z (dashed black), and iv) the depth of maximum

Brunt-Väisala frequency (black). The latter contours have been

smoothed with a 3-point running mean in longitude (≈ 1.5°) to

reduce the noise. (e): Relative thermal contribution (%) for

the annual-mean surface eastward currents (see text for details).

Negative values (purple) indicate that the layer contributes to

westward shear. Gray contours in the maps are the 2000 m

and 3000 m isobaths from Smith-Sandwell 2-min bathymetry.

cSICC(sSICC) stands for the central(southern) SICC branch.
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Temperature gradients at 10 m (mixed layer), 200 m and 600 m are shown

in Figures 2.8a-2.8c only for CARS09. Visual inspection shows that the three

climatologies have consistent spatial patterns and similar temperature gradient

values, although gradients are smoother in MIMOC (not shown). To evaluate

quantitatively the spatial consistency between the θ fields from the three atlases,

we have analyzed them using Empirical Orthogonal Functions (EOF) in a similar

way as done in Vianna and Menezes (2010) for comparing different MDT products.

For this analysis, the annual-mean CARS09 and MIMOC fields have been linearly

interpolated onto the same 58 standard z-levels as RG. Then, for each standard

z-level, the triplet θ fields (CARS09, RG, MIMOC) were expanded into three

EOF modes. The first EOF mode gives the triplet correlation by its maximum

total variance, and the best correlated map, while the second/third modes give

the residual map corresponding to each triplet. We found that the variance

explained by the leading mode slightly decreases with increasing depth. It varies

from 99.8% (surface) to 98.7% (1700 dbar), with average value of 99.3% and

standard deviation of 0.29%. At 10 m, the variance explained by the leading

mode is 99.7% and 99.5% at 200 m and 600 m. Thus, most figures hereafter

are based on CARS09, which incorporates both historical hydrographic and Argo

data, unless specified.

In the mixed layer, the region with the highest temperature gradients (≈

0.8°C/100 km) extends zonally from the western basin to 100°E, south of 30°S,

and corresponds to the North Subtropical Front described by Belkin and Gordon

(1996). Relatively high temperature gradients (0.4-0.6°C/100 km) can also be

seen east of the Ninety-east Ridge (≈ 88°E) between 20°S and 30°S (Figure

2.8a). These high gradients are almost collocated with the central SICC branch

(not shown). The spatial distribution of temperature gradients at 10 m presented

here is very consistent with that computed by Palastanga et al. (2007) based on

WOA01 and by Lan et al. (2012) from time-averaged microwave satellite-derived

SSTs.
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At 200 m, two quasi-zonal thermal fronts crossing the basin are clearly identified

(Figure 2.8b), one with negative and the other with positive gradients. The

thermal front with negative gradients (< -1.1°C/100 km) extends from the

Indonesian Throughflow (not shown in Figure 2.8b) to Madagascar between

10°S and 18°S and is associated with the westward-flowing SEC. The front with

positive gradients (> 0.9°C/100 km) extends from Madagascar to the west of

Australia around 26°S. This subsurface front is characterized by a meandering

pattern, very clear in MIMOC (not shown), and has a slightly poleward slant.

The front lies in the 150-250 m band shown in Figure 2.7 (left), being almost

collocated with the southern branch of the SICC. Positive gradients (0.2-0.5

°C/100 km) are also found in the region where the northern and central SICC

branches flow, but not in the EGC region where the temperature gradients are

indeed negative (westward vertical shear).

The subsurface thermal front around 26°S is a distinct feature with strong

positive gradients (0.8-1.3°C/100 km) from 125 m to 300 m in the three atlases.

From 350 m downward, the front weakens and almost vanishes around 600 m

(Figure 2.8c), although a very weak positive signal can still be detected (∂θ/∂y <

0.1°C/100 km).

The vertical structure of temperature gradients along a poleward-slanted section

(white line in Figure 2.8a) is shown in Figure 2.8d. This section was selected to

roughly follow the subsurface thermal front axis, and extends from Madagascar

(24°S; 48°E) to the west of Australia (29°S; 116°E). In this section, the strongest

positive gradients (> 1°C/100 km) are found between 100 and 250 m. These

strong positive gradients (eastward shear) are located in the thermocline level

above the σθ =26.5. From 300 m to 600 m, the temperature gradients

progressively weaken, becoming negative (westward shear) around 800-1000 m

(σθ =27). Note that although the vertical section from MIMOC is very consistent

with CARS09 and RG, the σθ =27.5 level in MIMOC is shallower (≈ 1000 m

depth) than those obtained in the other atlases (≈ 1400 m) (not shown). This is a
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known feature in MIMOC where the densest isopycnals are biased toward shallow

pressures relative to other atlases (Schmidtko et al., 2013). It is probably

because of this characteristic that the correlation between the three atlases,

which is given here by the variance of the leading EOF mode, drops below 1000

m (from 99.1% to 98.7%).

To determine whether the southern SICC is associated with the subsurface

thermal front described above, in terms of thermal wind balance, the vertical

shear of zonal velocities due to temperature (∂uT /∂z) (see section 2.3.3) was

integrated from 300 m upward to the MLD giving uTtherm. Similarly, the

contribution of the mixed layer was estimated by integrating ∂uT /∂z from the

MLD upward to the surface (uTml). The relative contribution to the current from

mixed layer and thermocline depths can then be evaluated as rTml = uTml/u,

and rTtherm = uTtherm/u, respectively, where u is the total zonal velocity at the

surface referenced to 1950 dbar computed from the density fields. Thus, the

relative contribution of uTtherm and uTml depends on the local thickness of the

mixed layer. To give percentage contribution, the ratios rTml and rTtherm were

multiplied by 100. Notice that rTml(rTtherm) > 100 means that another depth

range (or salinity) reduces the eastward shear and rTml(rTtherm) ≤ 0means that

the layer (mixed layer or thermocline depths) contributes to westward shear.

In the three atlases, more than 80% of the southern SICC intensity at the

surface arises from the eastward shear due to the subsurface thermal front (e.g.,

Figure 2.8e for CARS09). In both CARS09 and RG, the mixed layer contributes

a maximum of 20% for the southern SICC while in MIMOC it reaches 30-40% in

the eastern basin (not shown), probably because the MLD in MIMOC is deeper in

this region (Figure 2.7, right). To evaluate the uncertainty associated with the

split between the mixed layer and the subsurface contributions, which depend on

the local thickness of the mixed layer, we have also estimated uTtherm and uTml

(and respective ratios) using the deeper MIMOC MLD as reference. Whether the

MIMOC MLD is used in the calculations, we find the mixed layer contribution being
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roughly 6-8% greater than that shown in Figure 2.8e. The root-mean square of

the difference between the mixed layer contribution using MIMOC as reference

and using CARS09 (RG) is 5.8% (5.2%). Thus, the choice of the MLD product

does not affect the conclusions discussed in the present work. In the southern

SICC, the sum of the mixed layer and the thermocline contributions gives more

than 100%, which means that temperature gradients from another depth range

(below 300 m) or salinity gradients contribute to westward shear.

In the western basin up to the Ninety-east Ridge, the thermocline front is the

major contributor to the SICC. In the eastern basin, there is a transition zone,

with the subsurface layer becoming gradually less important around the central

SICC region (Figure 2.8e, bottom). Notice that in the EGC region, the subsurface

layer does not contribute to eastward shear (rTtherm < 0). Menezes et al.

(2013) have studied this regional feature and showed that in the EGC region,

the salinity gradients overwhelm the contribution from temperature gradients to

density gradients, generating an eastward geostrophic shear and establishing

the EGC.

2.4.3. Thermal Structure of the cSICC and sSICC Branches

To examine the differences between the central and southern SICC in relation to

their respective fronts in more detail, the vertical distribution of the temperature

gradients along 105°E, averaged across a ± 2.5° band, has been calculated

(Figure 2.8f). This section has been chosen because in the eastern basin the

two branches (cSICC and sSICC) are very distinct.

In the southern SICC domain (south of 25°S), the strongest positive gradients

are found in thermocline levels between 100 and 200 m (σθ = 26.0 − 26.5),

as described before. In the central SICC domain (24°S-21°S at 105°E), the

strongest positive gradients are weaker (0.5-0.7 °C/100 km) and confined to

σθ ≤ 25. Although in MIMOC we can not identify two distinct SICC branches
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in the geostrophic field, the temperature gradients show a similar pattern as

observed in CARS09 and RG (not shown). The core of positive temperature

gradients in the southern SICC domain is also deeper, located at thermocline

depths (100-200 m).

2.4.4. Salinity Effect on Density and the SICC

The spatial coherence of salinity fields between the three atlases was first

evaluated by an EOF analysis as done for the θ fields. The salinity fields of

the three atlases were found to be highly correlated, with the variance explained

by the leading EOF mode varying from 98% to 99.5%, with an average value

of 99% and standard deviation of 0.43%. Thus, most figures in this section are

also based on CARS09.

The annual-mean meridional gradients of salinity in the mixed layer and at 200

m depth are shown in Figures 2.9a and 2.9b. Negative meridional gradients of

salinity give rise to eastward shear in the southern hemisphere (f < 0). Hereafter

in this section, we will refer to the meridional gradients of salinity as salinity

gradients.

In the mixed layer (Figure 2.9a), the salinity gradients are negative almost

everywhere except south of 30°S. At 200 m depth (Figure 2.9b), the salinity

gradients are positive in the southern SICC region and negative north of 22°S.

The positive gradients around 26°S form a quasi-zonal front-like structure that

accompanies the subsurface thermal front described in the previous section. We

call this structure the subsurface salinity front for simplicity.

The vertical distribution of salinity gradients along a quasi-zonal section roughly

at 26°S and a meridional section at 105°E is shown in Figure 2.9c (same sections

as exhibited in Figure 2.8). Along the 26°S section, the salinity gradients are

negative between the surface and 150 m, and positive between 200 and 400



Chapter 2. South Indian Countercurrent and Associated Fronts 56

Figure 2.9.: Annual mean meridional gradient of salinity (∂S/∂y) from CARS09

at (a) 10 m and (b) 200 m. White lines show the position of

the sections plotted in (c, d). In Figure 2.9c, ∂S/∂y along the
slanted section (left, no average) and along 105°E (right, averaged

between 102.5°and 107.5°E). In Figure 2.9d, same sections but for

meridional Turner angles |Tu| (no averages). Contours in Figure

s2.9c and 2.9d are: i) the σθ (gray), ii) the mixed layer depth

(white), iii) the depth of the maximum ∂θ/∂z (dashed black), and
iv) the depth of maximum Brunt-Väisala frequency (black). The

latter contours have been smoothed with a 3-point running mean

in longitude (≈ 1.5°) to reduce the noise. (e): Relative salinity

contribution (%) to the annual-mean surface eastward currents (see

text for details). Gray contours in the maps are the 2000m and 3000

m isobaths from Smith-Sandwell 2-min bathymetry. cSICC(sSICC)

stands for the central(southern) SICC branch.
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m (26 ≤ σθ ≤ 26.6). Notice that the positive gradients are stronger east

of 65°E, reaching 1.2 × 10−1 g kg−1/ 100 km. A comparison between the

vertical distribution of salinity and temperature gradients (Figures 2.9 and 2.8,

respectively) shows that the subsurface salinity front (26 ≤ σθ ≤ 26.5) is thinner

than the thermal one (24(25) ≤ σθ ≤ 26.5).

Along the 105°E section (Figure 2.9c, right), the strongest positive salinity

gradients (0.8 × 10−1g kg−1/ 100 km) are found in the southern SICC region,

and confined to 150-300 m depth. North of 28°S, the vertical distribution

is characterized by an upper layer with strong negative salinity gradients (≤

−0.8 × 10−1g kg−1/ 100 km) sitting above a layer with weak positive salinity

gradients (≤ 0.2 × 10−1g kg−1/ 100 km). The thickness of the negative salinity

gradient layer increases equatorward from 0-150 m at 26°S to 0-400 m, at 16°S

(σθ = 27).

To address the hypothesis raised by Palastanga et al. (2007) and Siedler et al.

(2006) that the salinity effects dominate the density in the SICC region both

meridional Turner angles (Tu) and salinity/temperature contributions to SICC

zonal velocities have been computed (see section 2.3). The interpretation of Tu

is straightforward: |Tu| � 45° means that the salinity gradients dominate the

density variations, |Tu| � 45° means that temperature dominates, and a density

compensation occurs when |Tu| = 45° (Tippins and Tomczak, 2003).

Contrary to the suggestion of Palastanga et al. (2007) and Siedler et al. (2006),

the vertical distribution of meridional Turner angles along the 26°S quasi-zonal

section shows that temperature dominates the meridional density gradients,

from the surface to 1000 m (Figure 2.9d, left). Only below σθ = 27 (depths

> 1000m) does salinity dominate the meridional density gradients (blue colors in

Figure 2.9d).

A meridional section of Tu at 105°E also shows that temperature dominates the

meridional density gradients between 32°and 22°S, from the surface to σθ = 27
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(depths around 700-1000 m), with salinity dominating the density gradients only

below this level (Figure 2.9d, right). North of 22°S, salinity dominates density

gradients at two depth ranges: between 50 and 300 m and below 600 m (σθ =

27).

The relative contributions from mixed layer and subsurface salinity gradients

for total u (including temperature) at the surface were determined in a similar

way as done for the temperature gradients (see section 2.4.2). The vertical

shear ∂uS/∂z was integrated from the MLD upward to the surface to give the

mixed layer salinity contribution (uSml), and from 300 m upward to the MLD to

give the subsurface salinity contribution (uStherm) (Figure 2.9e). In the mixed

layer, salinity gradients contribute between 5 and 20% to eastward shear. The

uncertainty associated with the split of the contributions, which depend on the

local thickness of the mixed layer, has been also evaluated using the deeper

MIMOC MLD as reference. The root-mean square of the difference between

the mixed layer contribution using MIMOC and using CARS09 (RG) is 4% (3%).

In the thermocline level, three different domains can be clearly seen (Figure

2.9e, bottom): i) south of 20°S, where salinity gradients do not contribute to

eastward shear (purple); ii) a narrow transition zone in which salinity gradients

become progressively more important (from blue to yellow); and iii) north of

20°S, where the salinity gradients strongly contribute to eastward shear (red,

more than 100%).

Three distinct domains are also identified contrasting the total contribution of

temperature (rT ) and salinity (rS) to the total u (temperature and salinity)

at the surface (Figure 2.10): i) south of 22°S where the meridional gradients

of temperature dominate the eastward shear; iii) a transition zone between

22°S and 18°S, where temperature gradually becomes less important; and iii) a

salinity-dominated zone north of 18°S, where the EGC flows. Notice that in these

maps the transition zone is slightly broader than in the salinity contribution maps

separated by layers of Figure 2.9e.
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Figure 2.10.: Relative thermal and salinity contributions (%) (including mixed

layer and thermocline) to the annual mean surface eastward

currents from CARS09 and MIMOC. White line shows the axis of the

subsurface thermal front associated with the sSICC. Gray contours

are the 2000 m and 3000 m isobaths from Smith-Sandwell 2-min

bathymetry. cSICC(sSICC) stands for the central(southern) SICC

branch.T he boxes indicate the areas corresponding to the SICC

branches. The sSICC is within the southern rectangle with a slightly

poleward slant, the cSICC is within the central zonal one, and the

nSICC appears in the polygon with the marked equatorward slant

centered near 70°E.
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Thus, it is clear that the eastward shear of the sSICC is dominated by meridional

temperature gradients, while the salinity gradients act to reduce it (rS < 0) since

they contribute to westward shear. Although in the mixed layer, the gradients of

salinity are negative, the net salinity effect, i.e., integrating all layers from 1950

dbar upward to the surface, is westward due to the strong positive gradients

between 200 and 400 m (Figure 2.9c). In the northern and central SICC,

both temperature and salinity gradients contribute to eastward shear although

temperature is the major contributor in general (60-90%). Hence, our analysis

reinforces the idea that the subtropical SICC, for which the eastward shear arises

from thermal meridional gradients, is different from the tropical EGC, for which

eastward shear is dominated by meridional salinity gradients (see e.g., Menezes

et al., 2013).

2.4.5. Seasonal Variability

The subsurface thermal front associated with the sSICC is persistent throughout

the year and is a robust feature in the three atlases analyzed here. No substantial

seasonal variations are observed e.g., in the subsurface temperature gradients

at 200 m (Figure 2.11a). At this depth, the sSICC front has monthly temperature

gradients around 1°C/100 km, which are of the same order as the annual mean

gradients (Figure 2.8b). The monthly subsurface front exhibits a meandering

pattern, clearly seen in MIMOC (not shown), a characteristic also present in the

annual mean fields.

Monthly temperature gradients, averaged over a region that encompasses most

of the sSICC front (rectangle in Figure 2.11a), is shown in Figure 2.11b for three

different depths (10 m, 150 m and 200 m). Note that the subsurface front (e.g.,

150 m and 200 m) is present throughout the year, with averaged gradients

around 0.75°C/100 km. Although the subsurface front has no substantial

seasonal variations, it is slightly weaker during the austral autumn-winter (Figure
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Figure 2.11.: Seasonal cycle of meridional gradients of potential temperature

(∂θ/∂y) from CARS09. (a): At 200 m. Note that the thermal front

around 26°S is present throughout the year. (b): In the sSICC

region at 10 m, 100 m and 150 m depth (averaged in the black

box region shown in Figure 2.11a). Gray contours are the 2000

m and 3000 m isobaths from Smith-Sandwell 2-min bathymetry.

The boxes indicate the areas corresponding to the SICC branches.

The sSICC is within the southern rectangle with a slightly poleward

slant and the cSICC is within the central zonal rectangle. The

polygon with the marked equatorward slant centered near 70°E

only indicates the region where the nSICC is strongest.
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2.11b). In contrast, the mixed layer gradients have a strong seasonality,

with the highest gradients (≈ 0.6°C/100 km) found during the austral winter-

spring seasons (July-September). The highest gradients are associated with

the northward shift of the North Subtropical Front (Lan et al., 2012; Belkin and

Gordon, 1996). The seasonal north-south shift of the North Subtropical Front is

very clear in the monthly ∂θ/∂y maps from the mixed layer in the three atlases

analyzed here (not shown). The mixed layer temperature gradients are also

strongest in the austral winter-spring in the eastern basin north of 24°S (not

shown).

Using the same procedure as used for the annual mean fields (see section 2.4.2),

we estimated the monthly geostrophic zonal velocities at the surface due to

the shear from temperature gradients of the mixed layer (uTml) and of the

subsurface layer uTtherm (MLD-300 m). For this computation, the monthly MLD

fields have been used, so the uTml(uTtherm) depends on the seasonal variations

of the mixed layer thickness. We also calculated the monthly zonal geostrophic

velocity u at the surface relative to 1950 dbar from the density fields.

Monthly time series of uTml, uTtherm, u and MLD from CARS09 averaged over

five different regions (A-E) were constructed (Figure 2.12). Similar figures have

been produced for RG and MIMOC but are omitted here for brevity. Differences

among the three atlases are discussed when appropriate. The five regions have

dimension of 3°(lat) × 15°(lon), and were chosen to describe the three SICC

branches: region A (23°-20°S; 65°- 80°E) relates to the nSICC; regions B

(27°-24°S; 50°- 65°E), C (29°-26°S; 70°- 85°E), and D (28.5°-25.5°S; 95°-

110°E) relate to the sSICC; and region E (23°-20°S; 95°- 110°E) relates to

the cSICC. The three SICC branches are present all year round with surface

zonal velocities (referenced to 1950 dbar) between 3 and 10 cm/s, the nSICC

being the weakest one (maximum of 5 cm/s). CARS09 and RG have average

eastward velocities generally of the same order, while MIMOC presents the

weakest currents in all five regions probably due to the smoothing applied in
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the MIMOC construction. Differences between CARS09 and RG are found only

in the region B (sSICC, western basin) and E (cSICC) where RG has eastward

velocities up to 2 cm/s greater than CARS09 (not shown). These differences are

likely to be a consequence of decadal variations sampled over the longer period

covered in the CARS09 atlas. However, for each region, the seasonal cycle is

consistent among the three atlases.

Except for region A (nSICC), the subsurface thermal front contributes most for

the eastward shear of the SICC throughout the year. Compare the time series

from u (blue curves) with that from uTtherm (red curves) in Figure 2.12. In region

A (nSICC), the mixed layer and subsurface front contributions are of same order,

with uTml being slightly larger than uTtherm in the austral winter (June-August)

when the MLD reaches 60-90 m in this region (the deepest mixed layer in the

regions analyzed here). Note that in the austral winter, the mixed layer ∂θ/∂y

is stronger (see e.g., Figure 2.11b) and the MLD are deeper (gray shadings in

Figure 2.12). Thus, in all regions during the austral winter, the mixed layer

contributions increase and consequently the subsurface contributions decrease.

Although mixed layer contributions during the austral winter are not essential

for the SICC existence (most of the vertical shear originates from the MLD-300

m layer in regions B-E), they are important for the SICC strength in the eastern

basin during the winter, especially for the cSICC (region E). In the cSICC, the

uTml and uTtherm are of same order in July, even though in this region the MLD

does not present a strong seasonal variability (MLD between 30 and 40 m all

year round).

Additionally, we calculated the monthly geostrophic zonal velocity at the surface

due to the shear from salinity gradients of the mixed layer (uSml) and of the

subsurface layer (uStherm) for the five regions shown in Figure 2.12. Salinity

only contributes to eastward shear in the mixed layer. These contributions are

negligible (less than 0.5 cm/s), except for the weak nSICC where uSml reaches
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Figure 2.12.: Seasonal variability of the surface geostrophic zonal velocities and

mixed layer depth (MLD) from CARS09, averaged in five regions

(A-E, see text for details). Blue time series are the total zonal

velocity ref. to 1950 dbar computed from the density fields. Red

and orange time series show the shear contribution (temperature

only) from the subsurface layer (300 m-MLD) and mixed layer,

respectively. Gray shadings are the MLD (values are on the right

y-axis). Map shows the surface potential temperature gradients
(∂θ/∂y) in July and surface geostrophic circulation (vectors).

Vectors are only plotted for eastward currents with intensities

greater than 1.5 cm/s. Gray contours in the map are the 2000 m

and 3000 m isobaths from Smith-Sandwell 2-minute bathymetry.

(bottom) The average eastward geostrophic volume transports

(Ux) 0/300 m in Sverdrups (1 Sv ≡ 106m3/s) for each region A-E.
Red curves are the mean between CARS, RG, and MIMOC and pink

shadings are respective minimum/maximum Ux.
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a maximum of 1 cm/s during the winter season (not shown).

The monthly mean eastward volume transports Ux(x, t) between 0 and 300 m

have been estimated separately for each region A-E in a manner similar to that for

the annual mean (see section 2.3.4), except that the y-limit of integration used

for the seasonal fields are the latitude limits of each region (see Figure 2.12).

Then, the eastward transports were averaged in longitude bins for each region.

Figure 2.12 (bottom) shows the monthly mean eastward transports averaged

between the three atlases (red curves) and respective minimum/maximum

transports (pink shadings). The lowest transports are found in region A (nSICC),

with maximum transport of about 1 Sv (August). Region B, where the southern

SICC begins as a strong and well-organized jet, has the highest transport with

mean value of 4 Sv all year round but it can reach ≈ 6 Sv (pink shading). In

regions C-E, the transports vary seasonally between ≈ 1 Sv (April-June) to 3 Sv

(August-October).

2.4.6. Hydrographic Data: Subsurface Thermal Front Snapshots

The subsurface thermal front described in the previous sections is also identified

in the six hydrographic meridional sections analyzed here. These snapshots

corroborate the idea that this front is a permanent feature of the South Indian

Ocean. In Figure 2.13, we show vertical sections of potential temperature (colors

and gray contours) along 55°E, 80°E, 95°E and 105°E from CTD data (left) and

climatological values from the RG atlas (right). Note that RG is based only

on Argo data, hence none of the CTD data shown on the left side are used in

its construction. CARS09 and MIMOC present similar distributions (not shown)

but they are not truly independent datasets since CTD data from WOCE cruises

have been used in their construction. Contours superimposed on the potential

temperature are σθ (black) and meridional temperature gradients (white) .

Broadly speaking, the subsurface front positions (white contours) are found in
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Figure 2.13.: Vertical sections of potential temperature (θ) from (left) six

hydrographic cruises and (right) climatological values from RG

atlas along 55°E, 80°E, 95°E, 105°(see map for positions).

Contours are: gray for isotherms every 1°C; black for isopycnals

σθ = 24, 25, 26 and 26.5; and white for meridional gradients of
potential temperature between 0.5 and 2.9°C/100 km, every

0.2°C, marking the position of the thermal front (see text for

details). In the map, the shading box is the same box as shown

in Figure 2.11 and indicates the position of the annual mean

subsurface front, and gray contours are the 2000 m and 3000 m

isobaths from Smith-Sandwell 2-min bathymetry.
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similar latitudes as the climatological fronts, although climatological gradients

are weaker than the synoptic sections, as expected. Differences between the

synoptic and climatological sections are also observed in Figure 2.13. These

differences can be due to eddies, planetary waves, internal waves, tides, and

other transient phenomena that are measured in the synoptic sections but are

not present in the climatologies (average). Particularly, the region where the

SICC flows is characterized by relatively high eddy kinetic energy (EKE) and

prominence of planetary waves and westward-propagating eddies in several

time scales (e.g., Siedler et al., 2006; Palastanga et al., 2007; Jia et al.,

2011b). Hence, all the synoptic sections analyzed here are noisier than the

climatological ones. For example, at 95°E, the fronts are displaced from their

climatological positions in both 1995 and 2007 cruises, possibly due to the

presence of eddies. Palastanga et al. (2007) analyzed both hydrographic and

LADCP (Lowered Acoustic Doppler Current Profiler) data at 95°E (1995) and

found indications of an anticyclonic eddy around 24°S, where the temperature

gradients are strongest in Figure 2.13. At 105°E, in both 2012 and 2013

hydrographic sections, two maxima in meridional temperature gradients can be

identified: one around 29°S-30°S, which is also observed in the climatological

sections, and another around 26°S-27°S. In both synoptic sections at 105°E, the

absolute geostrophic circulations derived from altimetry data for the same period

show the presence of a strong eddy between 25°S and 28°S (anticyclonic in 2012

and cyclonic in 2013), where the second maximum is found in each section (not

shown). The eddy signature is also found in concurrent LADCP and shipboard

ADCP data, being also clear in tracer data such as oxygen (not shown).

Despite the differences between the synoptic and climatological sections, the

fronts are mostly confined above 400 m depth in the hydrographic data, and are

associated with the poleward shoaling of the upper thermocline. This broadly

agrees with the previous descriptions based on the climatological atlases, in

which the climatological front is relatively shallow and located in the thermocline
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level. The isotherms (gray contours) follow the isopycnals, indicating that

temperature largely controls the density definition. Analysis of the meridional

Turner angles (not shown) calculated from the CTD data reveals that temperature

gradients control density gradients in the region south of 23°S for all sections.

In this region, salinity gradients only dominate density gradients below 900 m

depth (σθ ≤ 27.2) on the 105°E section. The salinity dominance on density at

intermediate depths south of 26°S was also found in the climatological atlases.

North of 23°S, the salinity controls density in the upper 200 m and below 800 m

depth at the 80°E and 95°E sections. At the western basin (55°E), temperature

dominates density along the section, with salinity being of minor importance.

These results agree with the analyses of the climatological atlases, in which we

found salinity was only important for eastward shear in the eastern basin north

of 22°S.

2.5. The SICC and two PV paradigms

Kobashi and Kubokawa (2012) have called attention in their conclusion section

to the fact that the SICC flows along the equatorward flank of two low subsurface

PV regions as expected for a STCC-like current. These regions would correspond

to the Indian Ocean Subtropical Mode Water (IOSTMW) (25.8-26.7σθ) in the

western basin, and to the (denser) south-east Sub-Antarctic Mode Water (SAMW)

(26.5-26.9σθ) in the eastern basin (e.g., Tsubouchi et al., 2010; McCarthy and

Talley, 1999, and references therein).

In general terms, the formation of a thick low PV layer (a mode water) on the

poleward side of the STCC front pushes the upper pycnocline upward, forming a

meridional density front at the upper thermocline level and a shallow eastward

current by the thermal wind relation (Aoki et al., 2002; Kobashi et al., 2006;

Kobashi and Kubokawa, 2012, and references therein). To facilitate the reading

here, Figure 2.14 (top) presents a schematic that illustrates this mechanism
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(as done in Kobashi et al., 2006), but adapted for the southern hemisphere

(f < 0, ∂ρ/∂y < 0).

In the modern STCC paradigm, the frontal strength is tightly related to the

meridional gradient of PV, vertically integrated in the range between the upper

and lower pycnoclines (Kobashi et al., 2006, section 4). In the present section,

we investigate whether the SICC and its branches can be explained by this STCC

PV paradigm. To this end, we compute the annual-mean (Ertel) PV fields obtained

from CARS09 as PV = (f/ρ0)(∂σθ/∂z), also assuming that the relative vorticity

is negligible as done by Aoki et al. (2002) and Kobashi et al. (2006). In this

section, all gradients have been estimated using centered finite differences.

We also use the diagnostic relation between the density front and the meridional

PV gradients derived by Kobashi et al. (2006), which we briefly repeat here

to make the paper self-consistent. Recall that potential vorticity is actually a

class of quantities, not a specific variable (see Muller, 1995, for a comprehensive

review on the subject). Throughout the paper, we refer to the potential vorticity

under the quasi-geostrophic theory (QG) as q and the (Ertel) potential vorticity as

PV (remember that they have different dimensions), although in Kobashi et al.

(2006) no such distinction is pointed out, which may cause some confusion when

one tries to reproduce their analysis. Under QG dynamics, the potential vorticity

is given by (e.g., Vallis, 2006):

q = f +
∂

∂z

(
f2

N2

(
∂ψ

∂z

))
(2.5)

where the relative vorticity is neglected, f is the Coriolis parameter, N2 is the

square of the Brunt-Väisala frequency, and ψ is the geostrophic stream function.

Taking the meridional derivative of equation (2.5), noting that in the integrand

∂ψ/∂y = −u, and using the thermal wind relation, by simple algebra we get

the Kobashi et al. (2006) formula for ∂ρ/∂y, which represents a diagnostic

relationship between the frontal strength and the integrated meridional gradient
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Figure 2.14.: (Ertel) Potential vorticity in the SICC from the annual-mean

CARS09 atlas. (top): Schematic showing the STCC-paradigm

from Kobashi et al. (2006) adapted for the Southern Hemisphere

(upper and lower refer to the pycnocline), and the PV at 300

m (map). In the map, vectors show the SICC at the surface

and gray contours the 2000 m and 3000 m isobaths from Smith-

Sandwell 2-min bathymetry. (bottom): Vertical sections of PV
(color), density (black lines) and eastward zonal velocities (white)

averaged in three regions: (left) between 55°E-60°E; (middle)

80°E and 85°E, and (right) 100°E and 105°E. SICC (sSICC) stands

for the central(southern) SICC branch.



Chapter 2. South Indian Countercurrent and Associated Fronts 71

of q underneath the front (see Appendix A):

∂ρ

∂y
=
ρ0N

2

gf

∫ z

z0

(β − ∂q

∂y
) dz′ +

∂ρ(z0)

∂y
(2.6)

As Kobashi and Kubokawa (2012) have already noticed, the SICC (in fact its

southern branch), flows on the equatorward flank of a low-PV pool (< 1 ×

10−10m−1s−1), which is located at depths below the sSICC thermal front (≥ 300

m). In density coordinates, this pool is not zonally continuous in a specific σθ, as

shown by Kobashi and Kubokawa (2012) (their Figure 19), because the IOSTMW

in the western basin is slightly lighter than the SAMW. In z coordinates, however,

the low-PV pool located poleward of the sSICC is zonally continuous because

the isopycnals are slighter deeper in the western basin than in the eastern.

For example, the PV distribution at 300 m, just below the front and roughly

equivalent to the σθ maps from Kobashi and Kubokawa (2012), is shown in Figure

2.14 (map) overlaid by the SICC at the surface. While a poleward low-PV pool is

clearly identified for the sSICC, a similar pool is not observed either for the central

or for northern SICC branches. The PV is relatively higher in those regions at

300 m (> 2 × 10−10m−1s−1). We have examined in detail the PV maps from

several depths (300-1500 m) and did not identify a characteristic low-PV pool

just poleward of the nSICC or the cSICC.

To investigate more closely the relationship between the vertical structures of

PV and density, and the STCC paradigm used by the above-cited authors, three

average meridional sections of PV , σθ and u were constructed: i) between 55°E

and 60°E, where the SICC is a strong and well organized jet; ii) 80°E-85°E, where

three SICC branches appear; iii) 100°E-105°E where the sSICC and cSICC are

particularly distinct (Figure 2.14, bottom). In general, the PV distribution in the

three sections resembles the STCC schematic diagram of Kobashi et al. (2006)

(adapted here for the Southern Hemisphere) with a wedge-like low PV pool

between the upper and lower pycnoclines. The low PV (< 0.5× 10−10m−1s−1),
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roughly between 300 m and 600 m, seems to cause the upper pycnocline

(26.4σθ − 26.5σθ) to shoal around 25°S-30°S where the sSICC flows. A careful

analysis of the sections in the central and eastern basins, however, does not

give an observational support to the idea that a low-PV pool is causing the

lifting of the upper pycnoline in the nSICC and the cSICC regions. Instead, in

these regions, we find undulations on the PV contours, like plateaus, mainly in

the cSICC region between 100 and 450 m depth (central and east PV vertical

sections).

The QG diagnostic relation derived by Kobashi et al. (2006) (equation (2.6))

was then applied to verify whether the southern SICC is associated with the

PV distribution below the front. Note that for this computation the potential

vorticity is given by q. The lower limit z0 = 800 m of integration was chosen to

be underneath the low PV pool as suggested in Kobashi et al. (2006). We have

tested other z0 integration limits between 600 and 1000 m and the results are

very similar. The meridional density gradients at 150 m estimated using the QG

diagnostic relation are shown in Figure 2.15a. For a qualitative comparison we

have plotted the actual meridional density gradients from CARS09 (Figure 2.15c),

where both the central and southern SICC fronts clearly appear. In general,

the QG diagnostic equation retrieves relatively well the position of some fronts

(sSICC, EGC and SEC), although they are weaker than the original ones. The

southern SICC front along 26°S and its characteristic meandering is noticeable.

A major difference is found in the cSICC region, where the estimated ∂ρ/∂y is

weaker (0.5-1 ×10−6 kg m−4) and mostly confined east of 95°E, while in the

CARS09 data it is stronger (up to 2.5 ×10−6 kg m−4) and extends from 75-80°E

to the west of Australia. We have also compared the estimated ∂ρ/∂y with the

actual one for other depths in the range of the SICC fronts (100-300 m) and the

most significant differences are always found in the cSICC region (not shown).

The results above suggest that the sSICC front strength is related to the

meridional PV gradients in the thermocline level, below the front, similar to
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Figure 2.15.: (a) Meridional gradients of density (∂ρ/∂y) at 150 m estimated

using the QG diagnostic equation and (c) from CARS09 data.

Geostrophic zonal velocity (u) at the surface referenced to 800 m
from ∂ρ/∂y estimated using (b) the QG diagnostic equation and (d)
from CARS09 data. z0 refers to the limit of integration in the QG
diagnostic equation (see text for details). The boxes indicate the

areas corresponding to the SICC branches. The sSICC is within the

southern rectangle with a slightly poleward slant and the cSICC is

within the central zonal rectangle. The polygon with the marked

equatorward slant centered near 70°E only indicates the region

where the nSICC is strongest.

a STCC-like current (Aoki et al., 2002; Kobashi et al., 2006; Kobashi and

Kubokawa, 2012). However, the STCC mechanism does not seem to explain

the triple jet (or branch) structure of the SICC, especially its well-defined central

branch. Based on the estimated ∂ρ/∂y fields, we have computed the respective

zonal currents using the thermal wind equation (Figure 2.15b). In this case,

the reference level of no motion is 800 m. For a qualitative comparison, Figure

2.15d shows u based on CARS09 data (at the surface using the same reference
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level). We can see that the QG diagnostic relation gives us the southern SICC,

the westward-flowing SEC, the tropical EGC, but not the central branch of the

SICC.

Persistent multiple zonal jets are now established as ubiquitous in planetary

atmospheres and oceans, hence the SICC pattern observed here should not be

an exception. An alternative way to attack the multiple zonal jets problem is to

consider the fronts as discontinuities in the PV spatial distribution. Following this

train of thought, it may be worth considering whether the PV staircase paradigm

can explain the SICC multiple-jet fine-structure.

The PV staircase concept may be considered as a new theoretical paradigm that

explains the existence of multiple zonal jets by the formation of PV staircases,

which result from a complex dynamical self-organization of forced turbulent flows

in rotating fluids (Baldwin et al., 2007; Dritschel and McIntyre, 2008; Hughes

et al., 2010; Dritschel, 2013, and references therein). In this paradigm, the

positive feedback interaction of waves and turbulence are responsible for the

generation and maintenance of multiple-jet structures, which constitute efficient

transport barriers across them. The key to understanding this mechanism is

that Rossby-like waves ride on quasi-horizontal gradients of PV, and when they

break they produce turbulent mixing of PV, because PV tends to behave like a

tracer, being mixed when the fluid becomes turbulent. The mixing homogenizes

the PV in localized strip-like regions, which reduces the PV gradients there,

and promotes further mixing. Hence, steps are formed in the newly organized

meridional PV profile. As a result, the meridional PV profile is characterized by

alternating very steep and very weak PV gradients: the so-called PV staircase.

By the PV invertibility principle (Baldwin et al., 2007; Dritschel and McIntyre,

2008; Dritschel, 2013), the staircase causes intensified eastward jets located at

the latitudes of the steepest PV gradients and weaker westward return flows at

the mixed PV steps. Intermingled and interacting with these jets are coherent

vortices and eddies, which occupy the homogeneous mixed PV steps and transfer
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kinetic energy to the eastward jets. A detailed description of this complex

dynamics, however, is beyond the scope of the present paper.

While PV staircases have been illustrated in numerical simulations and some

studies indicate that they may occur in the oceans (e.g., Hughes et al., 2010;

Chapman and McC. Hogg, 2013, and references therein), the description of

oceanic PV staircases based on observations is still incipient. Since the SICC

is embedded in a field of waves and eddy flow patterns (Morrow and Birol, 1998;

Birol and Morrow, 2001, 2003; Siedler et al., 2006; Palastanga et al., 2007; Jia

et al., 2011b), we briefly examined here whether we can find a PV staircase in

the region of occurrence of the SICC branches based on CARS09.

In the depth range of the SICC fronts (100-200 m), the PV has an interesting

spatial distribution between 20°S and 26°S, with the PV contours following an

inverted U shape east of 75°E (equatorward up to ≈ 90°E and then poleward)

(Figure 2.16a).

This feature corresponds to the plateaus observed on the central and eastern

vertical PV sections of Figure 2.14. Meridional sections of PV at several

longitudes in this inverted-U feature resemble very much a PV staircase as

described in the theoretical studies cited above. To verify whether these

staircase-like structures are robust, we averaged the PV between 100 and 200

m, in the range of SICC fronts, and between 100°E and 105°E, where the sSICC

and cSICC are very distinct (Figure 2.16b). To make the interpretation easier,

we overlaid in Figure 2.16b the average zonal velocities between the surface

and 150 m and 100°E-105°E. We can see that the PV meridional profile has a

staircase-like form, with a steep gradient where the sSICC flows, a homogenized

PV between the jets followed by a steep gradient in the cSICC.

In the ideal PV staircase paradigm, the spacing of the jets in its simplest form

(Dritschel and McIntyre, 2008) is given by the scale Ljet = 2

(
L2Rh(Ujet)

LD

)
,

where LD is the Rossby deformation length and L2Rh(Ujet) = Ujet/β is the Rhines
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Figure 2.16.: (a) (Ertel) Potential vorticity averaged between 100 and 200 m

depth (SICC fronts depth). (b) (Ertel) Potential vorticity (bars,

left y-axis) and geostrophic zonal velocities u (averaged between
100°E and 105°E) and (c) the QG potential vorticity q and u. In
Figures 2.16b and 2.16c, the PV and q are averaged between 100
and 200 m depth and the zonal velocities between surface and 150

m.
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scale based on U , β is the meridional gradient of the Coriolis parameter f , and

Ujet = (max u − min u) is the jet velocity. Assuming that Ujet = 0.1 m/s, β =

2 × 10−11 (≈ 25°S) and LD = 30(40) km (Chelton et al., 1998), we get a jet

spacing of ≈ 3.3° (2.5°) in latitude. In our figure, the jet spacing is around

4° (100°E), which is roughly consistent with this theoretical estimate. Notice

that the spacing between the SICC jets is not constant in longitude and maximum

distance is around 100°E (Figure 2.1a). Further, we did the same average for

the QG q to verify whether a staircase-like pattern exists in this linearized PV

definition (Figure 2.16c). Aiming for a better visualization, q was multiplied by

-1. We also find a staircase-like profile in q, with a steep q gradient followed by a

homogenized q and another q gradient, which corresponds to the SICC branches.

Note that, however, the staircase is not well defined in the q as it is in the PV .

Our conclusion from this brief analysis is that the PV staircase paradigm may well

explain the multiple jet fine-structure of the SICC, but this conjecture should be

investigated in more detail by future research efforts.

2.6. Summary and Conclusion

We analyzed data from three recently published Argo-based climatological

atlases and six hydrographic cruises to determine whether the eastward-flowing

SICC is accompanied by permanent subsurface thermal and density fronts, which

are features of the STCCs that have been documented for the North Pacific, South

Pacific and North Atlantic oceans. We also investigated the role of salinity in

the SICC, conjectured to be important by Siedler et al. (2006) and Palastanga

et al. (2007). Furthermore, we briefly explored two PV paradigms (STCC and

PV staircase) to get some insight about the SICC dynamics, which is currently

largely unknown.

We find that the SICC is better described as composed of three main branches in

the long-term annual mean geostrophic circulation fields, as seen from several
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satellite and Argo-based (CARS09 and RG) datasets (e.g., Figure 2.1). Consistent

names were provided for these branches for the first time: the northern, the

central and the southern SICC (Figures 2.6). Note that these branches are not

resolved in the low spatial resolution atlases such as WOA01 or WOA09 (e.g.,

Palastanga et al., 2007; Jia et al., 2011b; Kobashi and Kubokawa, 2012) or

even in MIMOC, due to stronger spatial smoothing applied in these products.

For example, Palastanga et al. (2007) (WOA1) and Jia et al. (2011b) (WOA9)

describe the SICC as a broad and weak eastward flow with maximum velocities

of 3-5 cm/s. In contrast, we have shown here that in both CARS09 and RG

distinct SICC branches are characterized by zonal velocities greater than 10 cm/s.

These intensities are of the same order as the time-averaged SICC obtained

from altimetry data (Siedler et al., 2006) and high-resolution reanalysis products

(Divakaran and Brassington, 2011). Siedler et al. (2006) have estimated the

zonal volume transports of the SICC near 24°S based on 3 WOCE cruises in 1995

as 10 Sv (54°E), 4 Sv (80°E) and 9 Sv (95°E). Here, we estimated the annual-

mean volume transports of the SICC as being slightly lower than those from

Siedler et al. (2006), mainly in the western basin. The southern branch crossing

the basin around 26°S has annual mean transport of 3-4 Sv, the transport of

the central branch (east of 80°E and between 22°S and 24°S) varies from 0.5

Sv (80°E) up to 3-5 Sv (110°E), and the weaker north-eastward branch has a

transport of less than 1 Sv.

The stronger southern SICC around 26°S is associated with a permanent

subsurface thermal front at depth ranges of 100-200 m (25 ≤ σθ ≤ 26.5).

This subsurface thermal front is present all year round, being slightly weaker

during the austral winter. The SICC seasonal cycle is similar to that described

by Palastanga et al. (2007) and Jia et al. (2011b), such that the current is

stronger in the austral spring-summer(u ≈ 8-10 cm/s) and weaker in the winter

(u ≈ 6-8 cm/s), although we find some differences in the western, central and

eastern basins. In the western basin, the southern SICC is stronger in December-
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January while in the eastern basin the maximum flow occurs in October. In the

central basin, the maximum strength occurs in August-September. Jia et al.

(2011b) have evaluated the terms of the governing equation for temperature

and found that the seasonal changes of ∂T/∂y in the SICC region are largely

controlled by the meridional Ekman and geostrophic flux convergences, and the

convergence of the latitudinally dependent surface heat flux forcing. Analyses of

these terms indicated that the dynamical forcings are more important than the

thermodynamical forcing in modulating the seasonal variations of the vertical

shear velocity.

In contrast to the southern SICC, in the central SICC region (east of 75°E-80°E;

22°S - 24°E) the thermal front is shallower, around 100 m depth, and confined

to densities less than 25 (σθ ≤ 25). Flowing on the southern flank of the slanted

northern cell of the subtropical gyre, the shallowest and weakest northern SICC

branch has an equatorward orientation. Part of the northern SICC seems to

recirculate into the westward-flowing SEC, and part seems to merge with the

tropical EGC around 15°S-100°E. The reason for the existence of a slanted

recirculation cell east of Madagascar is still to be determined (Palastanga et al.,

2007, 2009; Schott et al., 2009).

In most of the South Indian Ocean, the salinity gradients are favorable to

eastward currents in the mixed layer. However, analyses of the Turner angles

and salinity contribution ratios show that salinity is of secondary importance for

the southern SICC definition, in agreement with Jia et al. (2011b) and Sharma

(1976), and in contrast to the suggestion of Siedler et al. (2006) and Palastanga

et al. (2007).

Although salinity is not significant for the southern SICC definition, we find it

is an important feature for the eastern basin circulation, east of the Ninety-

east Ridge (≈ 88°E). In the eastern basin, three distinct domains, which very

likely correspond to the biogeographical regions described by Condie and Dunn
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(2006), may be clearly identified: i) south of 22°S where the meridional

gradients of temperature dominate the eastward shear; ii) a transition zone

between 22°S and 18°S, where temperature gradually becomes less important;

and iii) a salinity-dominated zone north of 18°S, coinciding with the EGC flow

region (Menezes et al., 2013). Hence, our analysis reinforces the idea that

the subtropical SICC, where the eastward shear arises from thermal meridional

gradients, is different from the tropical EGC, where the eastward shear is

dominated by meridional salinity gradients.

In the South Indian Ocean, identifying the processes leading to the formation

of the permanent subsurface thermal fronts associated with the SICC branches

is still to be addressed in more detail. In the North Pacific, the existence

of the subsurface thermal fronts at thermocline depths associated with the

STCC is known to be a result of the interaction of dynamic (wind-driven) and

thermodynamic processes at the sea surface, in such a way that either process

alone cannot explain the existence of these permanent fronts. This was an

important finding by the pioneer studies of Takeuchi (1984) and Cushman-Roisin

(1984).

In the modern STCC paradigm, the frontal strength is tightly related to the

meridional gradients of PV, vertically integrated in the range between the upper

and the lower pycnoclines (Kobashi et al., 2006, and references therein). Kobashi

and Kubokawa (2012) have recently suggested that the STCC paradigm would

also explain the SICC and hence we have examined this hypothesis. However, it

is crucial to keep in mind the differences between the North Pacific and the South

Indian Oceans. In the North Pacific, the STCC and its branches extend from the

western boundary up to the middle basin around 140°W, while the SICC and

its branches extend all the way across the SIO basin. In the eastern basin, the

northern SICC branch seems to merge with the tropical EGC, which has no similar

counterpart in the North Pacific. The SIO subtropical gyre also has a different

structure with two recirculation cells. The recirculation cell centered east of
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Madagascar, where the SICC begins on its southern flank, is embedded into a

north-east slanted MDH ridge. This ridge from Madagascar to the Indonesian

Throughflow is a unique feature of the SIO. Furthermore, two mode waters are

found poleward of the SICC. One corresponds to the Indian Ocean Subtropical

Mode Water (IOSTMW) (25.8-26.7σθ) in the western basin, and the other to

the (denser) south-east Sub-Antarctic Mode Water (SAMW) (26.5-26.9σθ) in

the eastern basin (e.g., Tsubouchi et al., 2010; McCarthy and Talley, 1999, and

references therein).

Our investigation indicates that the southern SICC front strength is related to

the mode waters poleward of the front (IOSTMW and SAMW), which is similar

to a STCC-like current (Aoki et al., 2002; Kobashi et al., 2006; Kobashi and

Kubokawa, 2012). However, the STCC mechanism does not seem to explain the

triple jet structure of the SICC, especially its well-defined central branch. Since

the SICC is embedded in a field of waves and eddy flow patterns (Morrow and

Birol, 1998; Birol and Morrow, 2001, 2003; Siedler et al., 2006; Palastanga et al.,

2007; Jia et al., 2011b), we briefly examined the possible applicability of the PV

staircase paradigm to explain the observed multiple-jet SICC structure. Note

that different from the North Pacific, in the Indian Ocean the band of high EKE

and sea surface height variability extends all the way across the basin between

22°S and 28°S (see e.g., Jia et al., 2011b, Figure 1).

We find evidence that the PV meridional profile has a staircase-like form, with a

steep gradient where the southern sSICC flows, a quasi-homogenized PV zonal

strip north of it, followed by a steep gradient at the position of the cSICC. By the

PV invertibility principle, the PV staircase causes intensified eastward jets located

at the latitudes of the steepest PV gradients and weaker westward return flows at

the mixed PV quasi-flat steps. Our brief analysis suggests that the PV staircase

dynamics paradigm may explain the multiple jet fine-structure of the SICC, and

this will be investigated in more detail by future research efforts.
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Salinity Dominance on the Indian Ocean

Eastern Gyral Current (EGC)

Main findings

• In the EGC region, salinity overwhelms the contribution of tempera-

ture to density gradients

• The salinity control gives rise to an anticyclonic gyre centered in the

Indo-Australian Basin

• The EGC cannot be maintained without the salinity front between the

fresh Indonesian Throughflow and saline subtropical waters
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Abstract

This study demonstrates the importance of salinity gradients to the formation

of the Eastern Gyral Current (EGC) in the South Indian Ocean. The EGC flows

eastward near 15◦S, opposite to the direction predicted by classical theories
of wind-driven circulation, and is a source of water for the Leeuwin Current.

In the upper ocean, a strong salinity front exists between fresh water from

the Indonesian Throughflow (ITF) in the South Equatorial Current (SEC) and

salty Subtropical Waters. In that region, salinity overwhelms the temperature

contribution to density gradients, generating eastward geostrophic shear and

establishing the EGC. Without the salinity front the EGC cannot be maintained:

If the salinity contribution is neglected in the calculation of geostrophic currents,

the EGC vanishes. Our observational analysis associated with the fact that both

Sverdrup and Ekman theories produce westward flows in the region strongly

supports the idea that the EGC is a salinity-driven current.

3.1. Introduction

The upper ocean circulation of the south-eastern Indian Ocean is dominated by

geostrophic eastward currents flowing against the prevailing winds (e.g. Schott

et al., 2009). Two eastward currents have been described in the literature

embedded into a broad latitudinal eastward-flow band: the tropical Eastern

Gyral Current (EGC), east of 90°E between 15°S and 20°S (Meyers et al.,

1995; Meyers, 1996; Domingues et al., 2007); and the subtropical South Indian

Countercurrent (SICC) (Siedler et al., 2006; Palastanga et al., 2007) (Figure

3.1). Both the EGC and SICC are source regions for the Leeuwin Current

(LC), the only poleward-flowing eastern boundary current of the global ocean

(e.g. Feng et al., 2003, 2011). These eastward currents are important for the

recruitment of the Australian western rock lobsters, the most valuable single-

species fishery in Australia (Feng et al., 2011). The EGC is also a key contributor

to the biogeochemistry of the eastern Indian Ocean (Waite et al., 2013) and the

southern bluefin tuna larval transport (Matsuura et al., 1997).

In most studies, no distinction is made between the tropical EGC and subtropical
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Figure 3.1.: Schematic representation of the surface mean large-scale circulation

of the South Indian Ocean and main water masses in the south-

eastern basin [based on Batteen and Huang (1998), Palastanga

et al. (2007), Siedler et al. (2006), Domingues et al. (2007), Schott

et al. (2009) and Satellite-derived mean dynamic topographies

from Vianna and Menezes (2010)]. Currents indicated are: the

South Equatorial Current (SEC), the East-Madagascar Current

(EMC), Agulhas Current (AgC), South Indian Countercurrent (SICC),

Eastern Gyral Current (EGC) and Leeuwin Current (LC). Yellow

shadings show: the fresh Indonesian Throughflow Water (ITW)

and the salty subtropical Water (STW) regions. IAB stands for

Indonesian-Australian basin and ITF for Indonesian Throughflow.

Blue colors are the bottom topography from Smith-Sandwell 2-min

bathymetry.

SICC (e.g Siedler et al., 2006; Palastanga et al., 2007), probably because

until recently the EGC was described as a recirculation of subtropical waters in

the Indonesian-Australian basin (IAB), a region located between 5°S-20°S and

100°E-125°E (e.g. Meyers et al., 1995; Meyers, 1996; Sprintall et al., 2002).

Domingues et al. (2007), however, showed that the EGC carries low-salinity

water and is partially formed by a retroflection of the westward-flowing South

Equatorial Current (SEC). This description is more consistent with earlier dynamic

height (DH) maps from Wyrtki (1962) and also with satellite-based mean

dynamic topographies (MDTs) (Schott et al., 2009). Both DH and MDT data show

an anticyclonic gyre centered in the IAB (e.g , Figure 3.2c), with the SEC flowing

westward along its northern flank and the EGC eastward along its southern flank.
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The physical mechanism that maintains the EGC is not understood (Schott et al.,

2009, and references therein). In the upper ocean, a salinity front exists at

roughly 14◦ S, from the surface down to 500 m (e.g. Rochford, 1962; Wijffels

et al., 2002). This front lies between fresh Indonesian Throughflow Water (ITW;

salinities from 34.4 to 34.6 psu; neutral surface with γ = 24.5), and the more

salty (and warmer) Subtropical Water (STW; 35.4 psu; γ = 24.5) (Wijffels et al.,

2002) (Figure 3.1). The ITW joins the SEC and spreads westward in the Indian

Ocean by advection and diffusion (Gordon et al., 1997). The STW is the saltiest

water in this region with a salinity maximum near 220 m; it is produced by

subduction between 25◦S and 35◦S, a region characterized by a local excess of

evaporation over precipitation (Warren, 1981; Wijffels et al., 2002; Katsumata

and Fukasawa, 2011).

In the present work, the role of the ITW-STW salinity front on the genesis of

the EGC is investigated by analyzing two recently published Argo-based atlases.

We show that if the salinity contribution to geostrophic currents is neglected,

the eastward EGC vanishes. Since both Sverdrup and Ekman theories produce

a westward surface flow in the region, our results strongly support the idea that

the EGC is driven by the unique salinity pattern in the South Indian Ocean.

3.2. Data

We analyze two recently published Argo-based seasonal and annual-mean

atlases: (1) the CSIRO (Commonwealth Scientific and Industrial Research

Organisation) Atlas of Regional Seas (CARS09) (Ridgway et al., 2002); and (2)

the latest version of the Roemmich-Gilson (RG) dataset (v.2013) (Roemmich and

Gilson, 2009).

The CARS09 atlas compiles temperature (T ) and salinity (S) data from different

databases including i) the Argo global archives up to May 2009, ii) World Ocean
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Database 2005, iii) WOCE (World Ocean Circulation Experiment) hydrographic

data, iv) profiles from the TAO (Tropical Atmosphere Ocean) Array moorings,

CSIRO Marine and Atmospheric Research, and v) profiles from the New Zealand

National Institute of Water and Atmospheric Research archives. Most of these

data were collected between 1950 and 2008. The CARS09 gridded fields have a

horizontal resolution of 0.5◦ and are mapped onto 79 standard depths from the

sea surface to 5500 m, with annual and semiannual harmonics defined down to

1800 m and 1000 m, respectively.

The RG atlas is based on T, S profile data collected only by Argo floats. The

version used here is based on 8 years of data from 2004 to 2011. The RG gridded

fields have a horizontal resolution of 0.5◦ and are defined at 58 standard pressure

levels from the surface to 1975 dbar.

3.3. Impact of Salinity

Here, we derive two related measures of the impact of salinity in density

gradients and geostrophic currents. The first is the horizontal Turner angle

(Tippins and Tomczak, 2003) given by

Tu = arctan

(
α∆θ

β∆S

)
, − π/2 ≤ Tu ≤ π/2, (3.1)

where α is the thermal expansion coefficient, θ is potential temperature, S is

salinity and β is the haline contraction coefficient. Variables ∆θ and ∆S are the

horizontal differences of potential temperature and salinity; they are evaluated

between latitude grid points since the EGC is a zonal current. Meridional

grid spacing is 0.5◦ in both CARS09 and RG. The interpretation of Tu is

straightforward: |Tu| � 45◦ (|Tu| � 45◦) means that the salinity (temperature)

gradients dominate density variations, and density compensation occurs when

|Tu| = 45◦ (Tippins and Tomczak, 2003). We compute Tu for each vertical level.
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Geostrophic currents are related to the horizontal gradient of density through

the thermal-wind equation. Assuming a linearized equation of state, the vertical

shear of geostrophic velocities is then given by

∂v

∂z
=
g

f
k × (−α∇θ + β∇S) (3.2)

where v = ui+ vj; u, v are the zonal and meridional components of geostrophic

currents; i, j,k are the unit vectors; x, y, z are the eastward, northward, and

upward coordinates as usual; ∇ = i∂/∂x + j∂/∂y is the horizontal gradient; g

is gravity; and f is the Coriolis parameter. Velocity v(z) is then estimated in

the usual way by integrating equation (3.2) upwards from a reference level of

assumed no motion (zref ). We choose zref = 1950 m. This level lies below the

general southward-flowing oxygen-minimum layer (1000-1500 m) and above the

confluence of the Circumpolar Deep Water and North Indian Deep Water (e.g.

Warren, 1981; Wijffels et al., 2002). It is consistent with direct measurements

reported in Sprintall et al. (2002), in which zonal velocities close to zero were

found near 2000 m from 14-20◦S. We have computed geostrophic currents using

other values of zref (1000 m, 1500 m and 3000 m), and their patterns are very

similar (not shown). This property agrees with Warren (1981), who showed that

geostrophic estimates at 18◦S were not sensitive to choice of zref in a depth

range from 1000-2000 m.

The second measure of the impact of salinity is the temperature and salinity

contribution ratios rT = uT /u and rS = uS/u, where uT and uS are the zonal

geostrophic velocities determined only by temperature or salinity, respectively,

in equation 3.2; u is the total geostrophic velocity calculated as described in the

preceding paragraph. For example, if we consider only salinity gradients in the

thermal-wind equation, ∂uS/∂z = (gβ/f) ∂S/∂y, and the vertical integration from

zref then gives uS. Hence, the ratio rS is a measure of the salinity contribution

to the EGC. Note that values of rS(rT ) > 1 are possible, and they indicate
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that temperature(salinity) reduces the vertical shear by density compensation.

Values rS(rT ) < 0 are also possible and indicate that salinity(temperature)

gradients contribute with westward shear since u is always positive in the EGC.

The ratios rT and rS were multiplied by 100 to give percentage contribution.

In deriving the velocities and Turner angles, θ, α, and β are obtained using

the SeaWater (GSW) Oceanographic Toolbox of TEOS-10 (IOC et al., 2010); to

minimize the effects of noise, numerical differentiation is computed using the

Anderssen and Hegland (1999) approach rather than a standard finite-difference

method.

Additionally, the dynamic height at the sea surface and the respective geostrophic

circulation relative to 1950 m have been calculated from CARS09 and RG atlases.

The dynamic height is given by DH =

∫ 0

−1950
δ(S, T, p), where δ is the specific

volume anomaly and p is pressure. To estimate the DH due to only temperature,

we used a uniform salinity field (S = 35.5 psu) as done by Batteen and

Huang (1998), and temperature fields from CARS09 and RG. DH calculated

from i) uniform salinity and observed temperature fields, and ii) from observed

temperature and salinity fields, were normalised to permit visual comparison:

DH = (DHo − DHo)/std(DHo) where DHo are the original values, DH are

the normalised ones, DHo and std(DHo) are the spatial average and standard

deviation, respectively.

3.4. Results

The annual-mean surface geostrophic circulations from CARS09 and RG are

shown in Figures 3.2a and 3.3a, respectively. The EGC appears as a shallow

current (Figures 3.2e and 3.3e, left) east of 100◦ E from 14◦ to 17◦ S, with

maximum speeds of about 10 cm/s. In both CARS09 and RG fields, the EGC is fed

by a partial retroflection of the SEC and by northeastward flows from the south.

The retroflection is clearly seen in dynamic height fields from CARS09 and RG,
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which show an anticyclonic gyre centered in the IAB region east of 100◦E (Figures

3.2c and 3.3c). The anticyclonic gyre is somewhat smooth in CARS09, likely a

consequence of decadal variations sampled over the longer period covered in

this atlas. North of the SEC, both the eastward South Equatorial Countercurrent

(SECC) and South Java Current (SJC) are present. Although the SJC reverses

seasonally, Wijffels et al. (2008) found that it is eastward in the annual mean.

In both atlases, negative meridional gradients of salinity dominate the region

between 15◦-20◦ S and 60◦-120◦ E from the surface to 400 m (Figures 3.4a

and3.5a). These negative gradients reflect the transition from high-salinity

subtropical waters to low-salinity tropical waters. In the southern hemisphere

(f < 0), these gradients give rise to positive vertical shear (eastward currents)

by the thermal-wind relation. In both CARS09 and RG, the negative meridional

gradients of salinity are strongest near 200 m (≈ −2×10−6psu m−1) and weaken

with increasing depth (Figures 3.4a, 3.4c for CARS09 and Figures 3.5a and 3.5c

for RG).

Figures 3.4c, middle column (CARS09) and 3.5c (RG) show annual-mean salinity

patterns at 100 m and 200 m. At 200 m in the core of the salty STW (> 35.6 psu

in Figures 3.4c and 3.5c), the strong meridional gradients between the STW and

the fresh ITW (≈ 34.6 psu) are very clear. The EGC flows at the transition zone

between these two water masses in both CARS09 and RG atlases. Moreover, the

Turner angles Tu < 25◦ (blue colors in Figures 3.4b, 3.4c and 3.5b, 3.4c) indicate

that the salinity contribution dominates density gradients in the upper layer of

the EGC region. It also dominates the density in the SECC and SJC, mainly at

depths near 200 m (Figures 3.4c, 3.5c).

The relative salinity contribution rS at the surface for the annual-mean EGC

is shown in Figure 3.6. The ratios rS are multiplied by 100 to give percentage

contribution. They are shown only for grid points located south of 10°S, for which

zonal velocities are eastward. The rS interpretation is straightforward: rS ≤ 0
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Figure 3.2.: (a,b) Annual-mean surface geostrophic circulation and (c,d)

dynamic height (DH) from CARS09. (e): Vertical sections of zonal

geostrophic velocities at 15°S. (Figure 3.2, left) Using observed

temperature and salinity. (Figure 3.2, right) Using observed

temperature and uniform salinity (see text for details). In the

maps, colors represent zonal geostrophic velocities (u) in Figures

3.2a and 3.2b; normalized DH in Figures 3.2c and 3.2d. Vectors

show current direction/speed. Black (blue) vectors are used for

eastward (westward) currents in Figures 3.2a and 3.2b. In Figures

3.2c and 3.2d only currents in the IAB with intensities greater than

1 cm/s are plotted. Grey contours are the 2000 m and 3000 m

isobaths from Smith-Sandwell 2-min bathymetry. SEC stands for

South Equatorial Current, ITF for Indonesian Throughflow, SJC for

South Java Current, and EGC for Eastern Gyral Current.
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Figure 3.3.: Same as Figure 3.2 but for RG atlas.
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Figure 3.4.: (top) Vertical sections at 105°E and 115°E between 20°S and 12°S

from CARS09 atlas. (a) Meridional gradients of salinity (color). Black

lines are σθ; (b) Turner angles (colors) and grey lines are eastward
geostrophic velocities (cm/s). (c, left column) The meridional

gradients of salinity, (c, middle column) salinity distribution, and

(c, right column) Turner angles. (c, top row) at 100 m depth and (c,

bottom row) at 200 m depth. Black vectors show the EGC position

at the surface. ITW stands for Indonesian Throughflow Water and

STW for Subtropical Water. Bathymetry (grey lines) as described in

Figure 3.2.
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Figure 3.5.: Same as Figure 3.4 but for RG atlas.

means that salinity does not contribute to the EGC; 0 < rS ≤ 100 indicates the

proportion of contribution by the salinity field to the eastward vertical shear;

and rS > 100 indicates that temperature gradients slow the current by density

compensation. In both CARS09 and RG atlases, the salinity contributes almost

totally to the EGC intensity, except in the area centered at 115◦E-15◦S, where

rS is only 50-60%. Note that in most of the EGC, rS > 100 (red colors in Figure

3.6), which indicates that temperature gradients slow the EGC in these regions

by density compensation.
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Figure 3.6.: Annual-mean relative salinity contribution ratio rS (%) for the

Eastern Gyral Current at the sea surface: (a) from CARS09 and

(b) from RG. Grey contours are the 2000 m and 3000 m isobaths

from Smith-Sandwell 2-mi bathymetry.

To confirm that the STW-ITW front is the main contributor to the annual-mean

EGC, the dynamic height and respective geostrophic circulation were estimated

using a uniform salinity field to eliminate the contribution of the meridional

salinity gradient to the shear. In this experiment, no qualitative difference is

observed for the SEC (Figures 3.2b and 3.3b). In contrast, the EGC almost

disappears from the annual-mean circulation, being restricted east of 115◦E

from 14-16◦ S. In this case, westward flows dominate the region south of 14◦S

(Figures 3.2b and 3.3b), and the IAB anticyclonic gyre does not exist (Figures

3.2d and 3.3d).

The EGC vertical structure at 15◦S for the uniform salinity experiment and from

temperature and salinity data is shown in Figures 3.2e, the right (CARS09) and

3.3e(RG). Comparing these vertical sections, the entire upper layer has changed

in the uniform salinity experiment: the EGC is very weak (a maximum of only

2 cm/s; EGC reaches 10 cm/s in the observed temperature and salinity data),

shallower (trapped above 100 m), and restricted to east of 115◦E.

Salinity effects also dominate the EGC in the seasonal cycle. Figure 3.7a
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illustrates the monthly salinity contributions to the EGC at the surface, plotting

rS spatially-averaged between 90-120◦E and 12-20◦S. In this average, we

considered only the regions where u > 0; grid points where rS < 0 (rS > 100)

were assumed as zero (100). In both atlases, the salinity contribution is greater

than 80% year round. A semiannual cycle is observed only in CARS09, which fits

annual and semi-annual harmonics to the observations (Ridgway et al., 2002)

and covers a longer time period than RG. In the first half of the year, the two

atlases agree relatively well, presenting a maximum rS of 98% in February

and minimum of 87% in May. In the second half of the year, RG values are

consistently lower than CARS09, but both show salinity contributions greater

than 80%.

Monthly dynamic heights and geostrophic currents are calculated using both

observed and uniform salinity fields. The zonal volume transport in a section

crossing meridian x is estimated as U(x) =

∫ y2

y1

∫ z2

z1

udy′dz′, where U is the

transport in Sv, y1 = 14◦ S, y2 = 17◦ S, and z1 = 0 m, z2 = −400 m represent

the latitude and depth ranges of the integration. Because the EGC core is

shallower than 400 m (Figures 3.2e and 3.3e), we choose this depth for z2.

The monthly transports averaged between 100-120◦E are shown in Figure 3.7b.

In the EGC region, the zonal transports are eastward all year with a minimum

in December-January and maximum in June in CARS09 and July in RG. The

maximum transport reaches 5 Sv in RG and 3 Sv in CARS09 and occurs at the

same time as the seasonal maximum in volume transport of the Leeuwin Current

(Feng et al., 2003) and of the ITF (Gordon et al., 1997; Schott et al., 2009). The

EGC transports we have calculated are consistent with previous estimates from

(Meyers et al., 1995) and (Meyers, 1996).

Figure 3.7b also shows the EGC transport from the uniform-salinity experiment.

In this case, the transports are westward throughout the year with a maximum

in December-January and minimum in June in CARS09 and July in RG. Between
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Figure 3.7.: (a) Monthly relative salinity contribution ratio rS (%) for the Eastern
Gyral Current averaged between 90°E-120°E and 20°S-12°S from

CARS09 and RG. Shadings show the monthly standard deviation

inside the averaged region. (b) Monthly zonal geostrophic volume

transport 0/400 m in Sverdrups (1 Sv≡ 106m3/s) averaged between
100°E and 120°E from CARS09 and RG. Grey shadings indicate

eastward transports. Solid curves for transport estimated using

salinity fields from CARS09 and RG, dashed curves for uniform

salinity experiment (see text for details).
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March-June in CARS09, and April-August in RG, the zonal velocity fields at the

surface from the uniform salinity experiment show an EGC mostly east of 110◦

E (not shown). Analyzing the monthly meridional temperature gradient fields,

we verified that in July-August a thermal front around 100 m develops between

12◦ S and 14◦ S only in RG, which can explain the differences in the salinity

contribution in Figure 3.7a.

In the uniform-salinity experiment, when the EGC appears in the austral winter,

it is much weaker (< 5 cm/s) and not accompanied by a retroflection of the

SEC as observed when the salinity gradients are taken into account (Figure 3.8).

Moreover, the anticyclonic gyre centered in the IAB does not exist all year round

in the uniform-salinity experiment, while it is a permanent feature when salinity

gradients are taken into account.

3.5. Summary and Conclusion

We investigate the role of the unique salinity distribution of the Indian Ocean

on the genesis of the EGC. At thermocline depths, a strong salinity front exists

between the salty STW and the fresh ITW near 15◦S. Our analyses show that

in that region, salinity overwhelms the contribution of temperature to density

gradients and hence to eastward-directed geostrophic shear. As a result, the

salinity control gives rise to an anticyclonic gyre centered in the IAB, in which

the westward-flowing SEC on its northern flank partially retroflects to join the

eastward-flowing EGC on its southern flank. The EGC flows in the opposite

direction to that predicted by classical wind-driven circulation theories (Figure

3.9), supporting the idea that the EGC is a salinity-driven current. These results

demonstrate the importance of buoyancy forcing in the South Indian Ocean,

which forms the salinity maximum in the subtropical region and of the advection

of fresh tropical waters associated with Indonesian Throughflow.
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Figure 3.8.: Dynamic heights in June (colors) and associated geostrophic

circulation (vectors) at the sea surface relative to 1950 m from

CARS09 (a,b) and RG (c,d) atlases. (Figure 3.8, left) Observed

salinity. (Figure 3.8, right) Uniform salinity experiment (see text

for details). Black(blue) vectors are used for eastward(westward)

currents. Grey contours are the 2000 m and 3000 m isobaths from

Smith-Sandwell 2-min bathymetry. Note that the anticyclonic gyre

in the IAB in Figures 3.8a and 3.8c is absent in the uniform salinity

experiment and the Eastern Gyral Current between 15°S-20°S is

very weak (Figures 3.8b and 3.8d).

The strength of the eastward currents is also important to the strength of the

Leeuwin Current (LC) System (e.g. Furue et al., 2013). In the seasonal cycle,

we find that the EGC transport variations have the same phase as the LC, and,

consequently, the eastward currents driven by salinity gradients are essential

components for understanding the poleward-flowing Leeuwin Current.

Finally, we expect that salinity variations will play an important role in the

temporal variability of the EGC. At interannual time scales, the IAB experiences
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Figure 3.9.: (a,c) Sverdrup streamfunction and (b,d) Ekman transport for the

period 1948-2002 from the NCEP reanalysis winds. (top) Annual-

mean; (bottom) June. Black vectors in Figures 3.9a and 3.9cs are

the surface geostrophic currents relative to 1950 m in the IAB region

from CARS09. Only currents with intensities greater than 1 cm/s are

plotted. White vectors in Figures 3.9b and 3.9d show the Ekman

transport direction. Colours represent the Sverdrup streamfunction

(ψ) in Figures 3.9a and 3.9c and zonal Ekman transport (Ue) in
Figures 3.9b and 3.9d. Grey contours in the maps are the 2000 m

and 3000 m isobaths from Smith-Sandwell 2-min bathymetry. The

Sverdrup streamfunction has been computed by Shi et al. (2007)

using the island rule. This dataset is available at TPAC (Tasmanian

Partnership for Advanced Computing) web site.

strong variations of salinity, mostly connected with ENSO (El Niño - Southern

Oscillation) phases (Phillips et al., 2005; Katsumata and Fukasawa, 2011). The

IAB freshening during La Niña events suggests that the salinity front, and hence

the EGC, will be strengthened. This interpretation agrees with (Meyers, 1996),

who found that the transports of the EGC are enhanced (reduced) during the
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La Niña (El Niño). Moreover, there is evidence that STW (salinity maximum)

is becoming more saline (Helm et al., 2010; Durack and Wijffels, 2010) and

that western Pacific surface water, a major source of the ITW, is becoming

fresher (Cravatte et al., 2009). These changes suggest that the EGC could have

strengthened over recent decades and may strengthen even more under climate

change.





Chapter 4

Aquarius Sea Surface Salinity (SSS) in

the South Indian Ocean: Revealing

Annual-Period Planetary Waves

Main findings

• Aquarius data are highly correlated with those of Argo and RAMA buoys

• SSS propagation pattern can be interpreted as a superposition of wave

modes

• Annual SSS propagations are strikingly different from SSHA waves

Published as:

Menezes, V. V., M. L. Vianna, and H. E. Phillips (2014), Aquarius

sea surface salinity in the South Indian Ocean: Revealing annual-

period planetary waves, J. Geophys. Res. Oceans, 119, 3883–3908,

doi:10.1002/2014JC009935.



Chapter 4. Aquarius Sea Surface Salinity in the South Indian Ocean: Revealing

Annual-Period Planetary Waves 102

Abstract

A new milestone has been reached with the launch of two dedicated satellite

missions to routinely measure the sea surface salinity (SSS) fields from space at

global and regional scales. In the present work, a thorough analysis of the first

two years of Aquarius SSS data in the South Indian Ocean is performed. This

analysis is focused on three questions: How accurate is Aquarius SSS related

to in situ data from the fresh Indonesian Throughflow and salty subtropical

waters? Can Aquarius give a spatial context for the data measured by the RAMA

mooring system? Are westward propagating annual-period signals described

in recent model simulations reproduced by Aquarius-derived SSS? We find

Aquarius observations to be highly correlated with those of Argo floats, with small

disagreements occurring near oceanic fronts. Aquarius gives fresher SSS than in-

situ data in the tropical region due to rainfall effects, except in the eastern basin

where the freshening seems to be related to sharp localized leakages of very

fresh waters from the Indonesian seas that the Aquarius product is not able to

properly resolve. Aquarius data is shown to reproduce quite well the annual cycle

obtained from RAMA and Argo gridded datasets. The annual cycle in Aquarius

is characterized by SSS propagating features with different characteristics west

and east of the Ninety East Ridge. These features are strikingly different from

sea surface height waves. Our results suggest that SSS annual propagation

might be reflecting coupled ocean-atmosphere dynamics and surface-subsurface

processes operating over the entire South Indian Ocean.

4.1. Introduction

Understanding the basic dynamics of the ocean, and especially its surface forcing

by atmospheric processes, depends on the global-scale observations of oceanic

and climate variables. This has been accomplished chiefly by space technology,

first applied to measurement of sea surface temperatures starting in the sixties,

ocean color and sea surface topography in the eighties, the surface wind field

in the nineties, and gravity fields in the first decade of the present century.

The availability of these satellite-derived datasets has given great impetus for

the formulation of theoretical models of ocean dynamics and data-assimilation,

resulting in increasingly realistic simulations of the global ocean circulation and

climate. However, one important variable that is still not well understood, due

to the lack of routine global observations, is salinity (e.g. Roemmich and Gilson,
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2009; Locarnini et al., 2010; Antonov et al., 2010). Salinity is a crucial climatic

variable because surface salinity is related to the balance between evaporation

and precipitation. Salinity together with temperature defines the sea water

density, and therefore is directly linked to ocean circulation, which in turn impacts

ocean climate predictability (e.g. Fedorov et al., 2004; Durack and Wijffels, 2010;

Helm et al., 2010; Durack et al., 2012; Vinogradova and Ponte, 2013).

A new milestone has finally been reached with the launch of two dedicated

satellite missions to routinely measure, for the first time, the sea surface salinity

(SSS) fields from space at global and regional scales. The Soil Moisture Ocean

Salinity (SMOS) mission was launched in November 2009 by the European Space

Agency (ESA) in collaboration with the Centre National d’Etudes Spatiales (CNES)

in France and the Centro para el Desarrollo Tecnologico Industrial (CDTI) in

Spain (Kerr et al., 2010; Reul et al., 2014). The Aquarius/SAC-D (Satélite de

Aplicaciones Científicas) mission was launched in June 2011, and is a partnership

between the National Aeronautics and Space Administration (NASA) and CONAE

(Comisión Nacional de Actividades Espaciales), the Argentina's space agency

(Lagerloef et al., 2008; Lagerloef, 2012; Lagerloef et al., 2012). The main

scientific objective of these missions is to make feasible the understanding of

the links between the ocean circulation, the global hydrological cycle and climate

variability (Lagerloef et al., 2008; Kerr et al., 2010; Lagerloef, 2012; Lagerloef

et al., 2012; Reul et al., 2014).

Both Aquarius/SAC-D and SMOS use microwave radiometers operating at L-

band (1.413 GHz) to retrieve the salinity of the top few centimetres of the

ocean, since the ocean's emissions at this frequency depend on the complex

dielectric properties of seawater that is dependent on sea surface temperature

and salinity (Kerr et al., 2010; Le Vine et al., 2010). However, the technologies

employed by Aquarius/SAC-D and SMOS are quite different. The SMOS carries

a single payload, a 2-D interferometric radiometer, while Aquarius has three

separate radiometers viewing at about 29, 38, and 46 degrees from nadir and a
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scatterometer operating at 1.26 GHz to mitigate the surface roughness effects

(Kerr et al., 2010; Le Vine et al., 2010; Lagerloef et al., 2012). The latter effect

has been found as the cause of the largest error source in the salinity retrieval

from space (Lagerloef et al., 2012). The differences in technology result in

different spatial resolutions, revisiting times and accuracy (see e.g. Kerr et al.,

2010; Le Vine et al., 2010). In the present paper, we concentrate on analysis

based on the newest Aquarius data.

In the first two years of operation, several papers have already demonstrated

the potential of the Aquarius SSS measurements to increase understanding of

a variety of oceanic and atmospheric processes, such as the tropical instability

waves in the equatorial Pacific and Atlantic oceans (Lee et al., 2012), the upper

ocean response to the passage of the category-4 Hurricane Katia in September

2011 (Grodsky et al., 2012), the extreme Mississippi river flooding event in the

Gulf of Mexico in May-July 2011 (Gierach et al., 2013), Madden-Julian oscillations

(Grunseich et al., 2013) and the salinity changes in the Amazon/Orinoco plume

in the western tropical Atlantic (Grodsky et al., 2014). Most of these studies are

concentrated in the Atlantic ocean and to the best of our knowledge none has

been dedicated to the South Indian Ocean.

The South Indian Ocean plays an important role in the climate system connecting

the fresh tropical Pacific waters that flows into the Indian Ocean by the

Indonesian Throughflow (ITF) to the salty Atlantic ocean through the Agulhas

Leakage (Beal et al., 2011; Le Bars et al., 2013, and references therein). The

Agulhas eddies, rings and filaments are known to transport salty and warm

thermocline waters from the Indian to the Atlantic ocean, which impacts the

strength and stability of the Atlantic Meridional Overturning Circulation (AMOC)

(e.g. van Sebille and van Leeuwen, 2007; van Sebille et al., 2009, 2011).

The fresh waters entering the Indian Ocean by the ITF are carried westward

by the South Equatorial Current (SEC) (Gordon et al., 1997; Wijffels et al.,
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2002), giving rise to the unique salinity pattern of the South Indian Ocean,

which is characterized by a strong north-south salinity gradient in the upper

layer. This strong gradient is due to to the fresh tropical waters of the ITF and

the relatively salty waters of the subtropics, a region where evaporation exceeds

the precipitation (Warren, 1981; Wijffels et al., 2002; Katsumata and Fukasawa,

2011). The fresh ITF waters occupy the tropical region from the surface down to

500 m (e.g. Rochford, 1962; Wijffels et al., 2002). The salty Subtropical Water

(STW) is formed by subduction between 25°S-35°S and extends equatorward

from its formation region, sinking progressively from the surface down to 220

m at 14°S (Talley and Baringer, 1997; Wijffels et al., 2002). The subsurface

haline front around 14°S is dynamically important for the South Indian Ocean

circulation, because it overwhelms the temperature contribution to density

gradients and establishes the eastward Eastern Gyral Current (EGC), which is

an important upstream source for the Leeuwin Current (LC) (Menezes et al.,

2013, and references therein). Menezes et al. (2013) found that the salinity

contribution to the EGC eastward shear is greater than 100% in the annual-mean,

which indicates that temperature gradients slow the EGC by opposite effects on

density. In the seasonal cycle, the salinity contribution is greater than 80%

year-round and the monthly-mean zonal geostrophic volume transports 0/400

m (averaged between 90°E-120°E and 20°S-12°S) are only eastward when the

salinity gradients are taken into account. The results of Menezes et al. (2013)

strongly support the idea that the tropical EGC is a salinity-driven current.

As a proxy for the satellite-based SSS missions, the sea surface salinity of the

South Indian Ocean has been simulated using the HYbrid Coordinate Ocean

Model (HYCOM) (Heffner et al., 2008; Subrahmanyam et al., 2009). In these

simulations, distinct westward propagation of SSS signals in the range of

0.03-0.3 have been found. These signals have been interpreted as annual Rossby

wave signatures in the SSS fields, as corroborated by analysis of other simulated

and observed variables (Heffner et al., 2008; Subrahmanyam et al., 2009).
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Rossby waves are known to be prominent in the South Indian Ocean in several

time scales, and from different source regions and forcings (e.g. Masumoto and

Meyers, 1998; Perigaud and Delecluse, 1992; White, 2000; Birol and Morrow,

2001; Wang et al., 2001; White, 2001; Birol and Morrow, 2003; White et al.,

2004; Johnson, 2011). Heffner et al. (2008) estimated the phase speed of annual

Rossby-like SSS waves roughly as 19 cm/s (12°S), 8.8-9.6 cm/s (20°S) and 3.1

cm/s (34°S), which the authors found to be in good agreement with theoretical

values obtained by Killworth and Blundell (2003).

The South Indian Ocean is historically poorly observed on a basin scale, especially

in relation to salinity (Roemmich and Gilson, 2009; Locarnini et al., 2010;

Antonov et al., 2010). Fortunately, the present-day ongoing Argo program (e.g.

Roemmich and Gilson, 2009) and the RAMA (Research Moored Array for African-

Asian-Australian Monsoon Analysis and Prediction) array moorings (McPhaden

et al., 2009) are providing routine in-situ salinity observations in the last few

years. Because there are concomitant in-situ and Aquarius salinity observations,

we can now address unresolved questions such as: (1) How accurately is

Aquarius observing the fresh Indonesian Throughflow and the salty subtropical

waters? (2) Can we use Aquarius data to obtain a spatial context for interpreting

the data measured by the RAMA mooring system, which are highly-resolved

in time, but very sparse in space? (3) Can we observe westward propagating

seasonal signals in the Aquarius SSS fields?

In the present work, we analyse the first two-years of Aquarius data together

with the Argo and RAMA moorings data to answer the above questions. Our

study is also complemented by the analysis of altimetric sea surface height and

satellite-based wind and precipitation data. We find Aquarius observations to

be highly correlated with those of Argo floats. Aquarius gives fresher SSS than

in-situ data in the tropical region due to rainfall effects, except in the eastern

basin where the freshening seems to be related to sharp localized leakages of

very fresh waters from the Indonesian seas that the Aquarius Level-3 product
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is not able to properly resolve. Moreover, Aquarius data is shown to reproduce

quite well the annual cycle obtained from RAMA buoys. The annual cycle in

Aquarius is characterized by a propagating pattern that can be interpreted as a

superposition of propagating wave modes.

This paper is organized as follows. Section 4.2 describes the data sets used,

where a special attention is given to the Aquarius SSS data and major sources of

measurement errors. In Section 4.3 a thorough comparison between Aquarius

and in-situ data is made, including a study of the effects of precipitation

and winds on the Aquarius SSS freshening. Section 4.4 shows the analysis

of the annual period band from Aquarius and Argo-gridded datasets. This

subsection focuses on the propagating space-time SSS structures that are

analysed using Complex Hilbert Empirical Orthogonal Functions. It also includes

a brief comparison between the annual-period propagating structures observed

in the SSS and sea surface height data. Section 4.5 provides a summary of the

relevant results of this work.

4.2. Data Sets

4.2.1. Aquarius

The Aquarius/SAC-D satellite flies in a polar sun-synchronous orbit at 657

km above Earth's surface, crossing the equator at 6 pm (ascending node or

northward) and 6 am (descending or southward) local time. Global coverage

is reached in 7 days, in a total of 103 orbits per week. The three Aquarius

microwave radiometers are combined to form a 390 km wide ground swath.

Aquarius has been designed to provide global SSS maps with a spatial resolution

of 150 km and a target accuracy of 0.2 psu (global-average root-mean-square

error) (Lagerloef et al., 2008; Le Vine et al., 2010; Lagerloef et al., 2012;

Lagerloef, 2012). It was declared to be in mission mode on August 25, 2011,
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and data acquisition has been continuous, except for a few interruptions due to

spacecraft manoeuvres. Aquarius has an expected operational life of 3 years.

The Aquarius satellite uses three microwave radiometers operating at L-band

(1.413 GHz) to retrieve the salinity of the top few centimetres of the ocean.

Although the ocean's emissions at this frequency are modulated by sea surface

salinity, several other factors affect the Aquarius radiometer measurements and

must be corrected for an accurate SSS retrieval (Le Vine et al., 2010; Wentz and

Le Vine, 2012, and references therein). These factors include solar and galactic

radiation, atmospheric gases, water vapor, rain, cloud liquid water, ionosphere

temperature, Faraday rotation, antenna pattern, ocean surface temperature and

the roughness of the ocean surface (Le Vine et al., 2010; Wentz and Le Vine,

2012). Since the ability to retrieve SSS at 1.413 GHz frequency declines with

decreasing sea surface temperature (see e.g. Figure 5 from Lagerloef et al.,

2008), the Aquarius salinity measurements are expected to be less accurate in

high latitudes than in the tropics (Lagerloef et al., 2013). Of all factors, the

ocean surface roughness has been found to be the largest error source in the

salinity retrieval from space (Lagerloef et al., 2012), and because of this we use

the Aquarius product based on the improved Combined Active-Passive algorithm

for the sea surface roughness correction as described below.

Since the Aquarius launch, the galactic and temperature effects have been

found to cause large SSS biases in the high latitudes of the Southern Ocean,

but they do not seem to be a major error source in the South Indian Ocean

(see Figure 12 and 13 in Lagerloef et al., 2013). Although Aquarius operates

in a protected frequency band, where transmission is prohibited, illegal radio

frequency interferences (RFI) have been found to impact negatively the Aquarius

SSS retrievals (Aksoy and Johnson, 2013; Lagerloef et al., 2013; Le Vine et al.,

2013). Currently, the Aquarius processing team employs an algorithm for low-

level source detection and mitigation of RFI effects (Aksoy and Johnson, 2013).

However, persistent negative salinity biases due to the RFI are still detected in
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the North Atlantic and North Pacific regions (Lagerloef et al., 2013; Le Vine et al.,

2013). RFI also does not seem to be a major error source in the South Indian

Ocean (see Figures 12 and 13 from Lagerloef et al., 2013).

In the present paper, we use the 7-day Level-3 product version 2.0 from the

Combined Active-Passive (CAP) algorithm obtained from the NASA Jet Propulsion

Laboratory PO.DAAC (Physical Oceanography Distributed Active Archive Cen-

ter, ftp://podaac-ftp.jpl.nasa.gov/allData/aquarius/L3/mapped/CAPv2/) (Yueh,

2013). The CAP algorithm for the sea surface roughness correction makes feasi-

ble the simultaneous retrievals of SSS and wind speeds, combining information

from the passive and active microwave L-band sensors (Yueh and Chaubell, 2012;

Yueh, 2013). This product has been released in April, 2013. The advantage of

the CAP-based products is that the algorithm does not use ancillary wind data

from NCEP (National Centers for Environmental Prediction) for the sea surface

roughness correction as the previous Aquarius algorithm (Yueh and Chaubell,

2012). In general, the CAP algorithm has a better performance at mid and high

latitudes, in high wind conditions or near atmospheric fronts (Yueh and Chaubell,

2012; Yueh, 2013).

The 7-day Level-3 CAP dataset has a spatial resolution of 1°× 1° and is

based on 7-day moving averages, such that a SSS field is available for each

day of the Aquarius mission. This dataset has been constructed using an

equal area, Gaussian binning scheme that involves averaging the SSS Level-

2 observations within a 7-day time window (ftp://podaac-ftp.jpl.nasa.gov/all-

Data/aquarius//README.CAP.txt). In the binning scheme, only observations

within 111 km radius from the grid point are used and the Gaussian weighting

function has a half-width of 75 km. Because of the simple scheme used to

construct the gridded data, the SSS fields are somewhat noisy in the spatial

domain (e.g. Figure 4.1a). Melnichenko et al. (2014) describe this spatial noise

in the SSS mapped fields as artificial north-south striped pattern aligned with

the satellite tracks. According to the authors, the striped pattern is caused
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by the biases between the ascending and descending tracks and also by inter-

radiometers differences (see Lagerloef et al., 2013, for a description of these

biases). Melnichenko et al. (2014) present an improved technique for mapping

the SSS Aquarius Level-2 data based on optimal interpolation that is inspired

in the altimetry mapping and takes into account the correlated errors. This

promising technique has been applied to the North Atlantic Ocean, but no global

product has yet been released (Oleg Melnichenko, pers. comm., 2014).

To reduce the spatial-noise problem in the Aquarius CAP Level-3 data, we

have filtered the SSS fields using a Singular Spectrum Analysis (SSA) 2-D

filtering technique. This technique has been shown to be superior to standard

Fourier-based methods in filtering out the complex noise patterns of the mean

dynamic topographies derived from the Gravity Recovery and Climate Experiment

(GRACE) satellite, where the gravest noise patterns are also characterized by

meridional striations (Vianna et al., 2007; Vianna and Menezes, 2010, and

references therein).

The SSA method is based on the expansion of the input data into a series of

so-called reconstructed modes (RCs)(Ghil et al., 2002). Usually, each RC mode

is characterized by a dominant wavelength L, that has been estimated here by

the Maximum Entropy Method (MEM). After a couple of tests to determine the

most adequate reconstruction, we found that different solutions give a good

compromise between noise elimination and preservation of the SSS features.

Since we are interested in basin-scale features, the SSS fields have been

reconstructed by selecting a subset of RCs for which the corresponding Ls are

greater than 700 km (e.g. Figure 4.1b). Differently from Fourier-based filters,

the SSA-based method eliminates mostly the broadband noise and presents

minimum smoothing. Only SSS values in the range of 30-40 psu were considered

valid. The filtered SSS fields have been linearly interpolated for gaps lesser than

5 grid points. For the present analyses, we selected the South Indian Ocean

region between 5°S-40°S and 20°E-140°E.
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Figure 4.1.: Global Aquarius SSS for the period 15-21/07/2013: (a) raw data;

(b) SSA-filtered

Note that Lagerloef et al. (2013) have called attention to the fact that the annual

SSS cycle obtained from Aquarius products, including the version 2.0 datasets,

may be impacted by variabilities caused by spurious, non-oceanographic, error
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signals. According to the authors, these errors are most likely related to residual

errors in the correction for galactic effects and other terms of celestial origin.

They also describe a seasonal cycle of the differences between ascending-

descending Aquarius tracks, which is more accentuated in the Southern Hemi-

sphere (see also Melnichenko et al., 2014). The seasonal cycle in the ascending-

descending differences is likely to be originated from the non-oceanographic

signals (Lagerloef et al., 2013; Le Vine et al., 2013). Since these seasonal

errors may impact the interpretation of the annual cycle obtained from Aquarius

in the South Indian Ocean, we compare the Aquarius SSS seasonal cycle with

the seasonal cycle obtained from independent Argo-gridded and RAMA buoys

datasets.

4.2.2. Argo

Salinity observations collected by Argo free drifting subsurface floats in the

South Indian Ocean have been selected from the CORIOLIS global database

(http://www.coriolis.eu.org/). This subset consists of 18789 measurements,

including both delayed-mode and real-time data in the region between 5°S-40°S

and 20°E-140°E for the period from Aug 25/2011 to Aug 25/2013 (Figure 4.2).

Preference was given for the delayed mode or adjusted values. Only data with

quality control flag issued as 1 or 2 (good or probably good) for position, time,

pressure and salinity were selected. Floats with negative pressure values were

excluded. Salinity values were considered valid in the interval 30-40 psu. Boutin

et al. (2012) and Boutin et al. (2013) have compared the SMOS against the

Argo data and bring attention to the fact that some Argo models do not pump

water during the ascending phase at depths less than 5 m. They argue that

absence of pumping can lead to inaccurate salinity measurements in the depth

interval between the surface and 4 m. Because of this, Boutin et al. (2012) and

Boutin et al. (2013) have considered only Argo salinities between 4 m and 10
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Figure 4.2.: Spatial distribution of the in-situ SSS observations used for

comparison with Aquarius SSS data. Red squares show positions

of the RAMA moorings and pink dots denote Argo float locations.

Blue shading shows ocean bottom topography from Smith-Sandwell

2-minute bathymetry.

m in the comparison with SMOS. Here, we adopted the same criteria, using the

closest value to the surface in the range of 4-10 m, as representative of the SSS.

Note that this criteria may impact the comparison between Argo and Aquarius

measurements since the Aquarius salinity observations are relative to 1-2 cm

below the sea surface. This mismatch between Argo and Aquarius observation

depths may result in large SSS differences mainly during rainfall condition (e.g

Boutin et al., 2012, 2013), as we will discuss in Section 4.3.1.

We also use the Roemmich-Gilson (RG) monthly gridded product version 2013

derived from quality controlled Argo vertical profiles for the period between

January 2004 and September 2013. The RG gridded fields are produced by

optimal interpolation and have a spatial resolution of 1°× 1° (Roemmich and

Gilson, 2009). Only the SSS fields from the first pressure level at 2.5 dbar are
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used.

4.2.3. RAMA

Daily-average data of salinity and also precipitation rate from twelve RAMA

moorings located south of 8°S for the period Aug 25/2011 to Aug 25/2013 have

been downloaded from the TAO website (Tropical Atmosphere Ocean project,

Pacific Marine Laboratory, http://www.pmel.noaa.gov/tao/index.shtml) (Figure

4.2). Only the salinity observations from the first two depths (1 m and 10

m) with quality control flag issued as good have been used. Not all moorings

cover the period between 2011-2013 (Table 4.1). For example, the mooring at

25°S-100°E was only deployed in July 2012.

Table 4.1.: RAMA moorings: Sea surface and 10 m depth (in brackets)

observations in common with Aquarius by year (%)

Location 2011 2012 2013

8°S; 55°E 100.00 [100.00] 99.73 [80.33] 57.38 [ 30.80]

8°S; 67°E - 51.37 [51.37] 99.58 [ 82.70]

8°S; 80°E 100.00 [100.00] 81.42 [99.45] 99.16 [ 99.16]

8°S; 95°E 27.13 [ 00.00] 43.44 [43.44] 16.46 [ 15.19]

8°S; 100°E 24.81 [ 24.81] 31.15 [51.64] -

12°S; 55°E 96.12 [ 00.00] 82.24 [81.97] 99.58 [ 56.96]

12°S; 67°E 100.00 [100.00] 76.23 [76.23] 42.62 [ 43.04]

12°S; 80°E 100.00 [100.00] 99.45 [62.02] 100.00 [ 00.00]

12°S; 93°E 00.78 [ 55.04] 18.03 [57.65] -

16°S; 55°E 08.53 [100.00] 81.42 [89.62] 40.08 [ 48.10]

16°S; 80°E - 01.64 [49.45] 00.00 [100.00]

25°S; 100°E - 34.15 [34.15] 100.00 [100.00]
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4.2.4. Ancillary Data

4.2.4.1. Precipitation

As an indicator of the rainy conditions that may affect the salinity retrievals

from Aquarius (Tang et al., 2013), we used the so-called 'TRMM (Tropical

Rainfall Measuring Missing) and Other Satellites' (3B42) rain rate product

(Liu et al., 2012), available through the NASA/Giovanni server (http://rea-

son.gsfc.nasa.gov/OPS/Giovanni). The 3B42 dataset has spatial resolution of

0.25°× 0.25° and 3-hour time steps. We calculated daily-average precipitation

fields for the same period as the Aquarius product is available. The daily fields

were estimated using 7-day moving averages, to be consistent with the daily

fields from Level-3 CAP Aquarius data.

4.2.4.2. Wind Speed

Gridded wind speed data from Special Sensor Microwave Imager (SSM/I) and

the Special Sensor Microwave Imager Sounder (SSMIS) onboard of the F16 and

F17 DMSP satellites (Defense Meteorological Satellite Program) processed by the

Remote Sensing System (RSS) and distributed by the NASA Global Hydrology

Resource Center (GHRC) have been used.

The F16 and F17 datasets used here belong to version 7 (Wentz, 2013) and have

a 0.25°× 0.25° grid resolution. For each day, there are two averaged fields

relative to ascending and descending satellite swaths. To be consistent with the

Level-3 CAP Aquarius data, we have estimated daily-averaged wind speed fields

from the ascending and descending fields using 7-day moving averages for the

period between Aug 25/2011 and Aug 25/2013.

Additionally, wind speed fields from the Aquarius 7-day Level-3 CAP product have

also been used (1°× 1°). The wind speed fields have also been SSA-filtered to
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reduce the spatial noise, using the same procedure as explained above.

4.2.4.3. OFAM3 Model

Outputs of the 1/10° grid resolution eddy-resolving model OFAM3 (Ocean

Forecasting Australia Model) (Oke et al., 2013) have been used to support for

interpretation of some Aquarius SSS features, which will be discussed later in the

comparison between Aquarius and Argo floats. OFAM3 is a near-global, non-data

assimilated ocean model that has been run for 32 years (including 14 years of

spin-up). Post spin-up period spans from 1993 to 2010.

4.2.4.4. Altimetry

The weekly gridded sea surface height anomaly (SSHA) dataset from January

2004 to July 2013 produced by Ssalto/Duacs (Segment Sol Multimission Al-

timetry and Orbitography/Data Unification and Altimeter Combination System)

and distributed by AVISO(Archiving, Validation and Interpretation of Satellite

Oceanographic Data)/CNES has been used. This dataset belongs to the delayed

time product, reference series, version 3.0.0, merged. The merged reference

series is a dataset based on a combination of two altimetry satellites. It provides

a long-term multi-satellite dataset with quality that is the most homogeneous

possible with time. The satellite combination, however, has evolved since there

is not a single satellite which covers all the altimetry era. In the period analysed

here the combination includes data from Jason-1&2, Envisat and Cryosat-2.

The weekly reference dataset has a 1/3° spatial resolution in a Mercator grid,

and the SSHAs are computed with respect a 7 year mean (1993-1999) (Ducet

et al., 2000). The original dataset has been bi-linearly interpolated to a 0.25°×

0.25° grid.
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4.3. Comparison between Aquarius and in-situ Data

4.3.1. Argo Floats

From the 18789 quality-controlled observations collected by Argo floats between

Aug 25/2011 and Aug 25/2013 in the South Indian Ocean, only 18350 have

associated valid Aquarius SSS data. For each Argo space-time position, we have

selected Aquarius SSS data (raw and filtered) from the closest grid point and the

same day. The distances between the Argo positions and the closest grid points

vary from 0.1 km to 77.7 km, with a mean distance of 40.4 km. In the present

work, we refer to these data pairs (Aquarius, Argo) as collocated observations.

Roughly there are 1500 collocated SSS observations by month, although more

observations (about 1800) are found between September and December (Figure

4.3a).

For the collocated SSS data, the mean SSS from Aquarius observations (both the

raw and filtered data) are somewhat lower than those of Argo, and the standard

deviations are higher (Table 4.2). The root-mean-square (rms) of the differences

between Aquarius and Argo is 0.28 for the raw Aquarius data, and 0.23 for the

filtered, which are close to the Aquarius target accuracy of 0.2. Aquarius and

Argo SSSs are strongly correlated, with linear correlation coefficients r of 0.908

(raw) and 0.933 (filtered), respectively. The linear regressions between Aquarius

and Argo collocated SSSs, computed at a 95 percent confidence level, give slopes

close to 1 (Table 4.2).

In general, the filtered Aquarius SSS fits better to Argo than the raw dataset

(Figure 4.3c,d). However, two outliers are still very clear in the scatter diagram

between filtered Aquarius and Argo data, with salinities around 35.5 in Argo and

37.5 in Aquarius (Figure 4.3d, blue shading). These outliers appear only in the

week of Sep 25 to Oct 01/2012, and are located near 37°S-79°E. Investigation

of Aquarius SSS fields in these dates shows that there is a suspicious blob of
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Figure 4.3.: Comparison between collocated SSS observations from Argo and

Aquarius: (a) number of collocated observations by month; (b)

the statistical distribution of the differences (∆) between Aquarius
and Argo, the dashed pattern denoting raw Aquarius data and solid

colors for the filtered Aquarius dataset. Blue is used for negative

differences (indicating freshening in Aquarius measurements) and

red for positive differences; (c) and (d) are the scatter diagrams

between Argo and raw (filtered) Aquarius data, r is the linear

correlation coefficient and n the number of collocated observations.

Blue shadings indicate the outliers shown in Figure 4.4.

high salinity waters (> 37) between 35°S -45°S and 70°E - 80°E in both raw

and filtered data sets (Figure 4.4a,b). This suspicious feature does not appear in

the Aquarius SSS fields retrieved using the algorithm based on the NCEP winds

for the roughness surface correction (Figure 4.4c).

Comparisons between the collocated SSSs indicate that the Aquarius data are
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Figure 4.4.: Aquarius SSS maps from the two different algorithms for the period

25/09/12-01/10/12: (a) CAP raw data; (b) CAP filtered data, and

(c) NCEP-based raw data. Black dots are positions of the outliers

shown in Figure 4.3.
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Table 4.2.: Basic statistics of collocated SSS observations from Level-3 CAP

Aquarius (filtered and raw datasets) and Argo floats in the South

Indian Ocean. σ is the standard deviation, slope and intercept are
from the regression line, r is the linear correlation coefficient and rms

stands for root-mean-square. ∆ is the difference between Aquarius

and Argo (Aquarius - Argo). Values in parentheses are the 95 percent

confidence interval.

mean σ intercept slope r mean(∆) skew(∆) rms (∆)

Argo 35.17 0.53

Aquarius Raw 35.09 0.65 -3.969 (± 0.261) 1.111 (± 0.007) 0.908 -0.07 -1.39 0.28

Aquarius Filt 35.09 0.62 -3.016 (± 0.213) 1.084 (± 0.006) 0.933 -0.07 -0.62 0.23

slightly fresher than Argo in the South Indian Ocean, especially in low salinity

waters (Figure 4.3b,d). The statistical distribution of the differences between

Aquarius and Argo has a negative mean and a negative skewness (Table 4.2).

Note that freshening in satellite-based SSSs has also been observed in the SMOS

measurements (Boutin et al., 2013; Reul et al., 2014; Boutin et al., 2012). The

reasons for the satellite-based freshening include direct rain effects, which can

change the salinity in the first centimetres of the ocean in relation to the 5 m

depth sampled by the Argo floats, and also indirect rain effects on the sea surface

brightness temperatures and radar backscatter (Boutin et al., 2013, 2012; Reul

et al., 2014; Tang et al., 2013, and references therein).

To investigate in more detail the nature of the differences between Argo and

Aquarius in the South Indian Ocean, we divided the collocated SSS observations

in four different regions (labelled as regions A to D), representing the surface

salinity and circulation patterns of the South Indian Ocean (Figure 4.5). Regions

A and B are located in the path of the SEC, which spreads the fresh ITF water

westward (Gordon et al., 1997). Both regions are in an area of high precipitation

(Figure 4.6). Moreover, region B is influenced by the seasonal reversal of wind

directions due to the Indo-Australian monsoon system, and also by the fresh

South Java Current (SJC), which reverses direction seasonally (Quadfasel and

Cresswell, 1992; Wijffels et al., 2008; Schott et al., 2009). The reversing
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direction of the SJC is associated with variations of the freshwater flux from

the Indonesian seas and remotely forced coastal Kelvin waves (Quadfasel and

Cresswell, 1992; Wijffels et al., 2008). Region C is influenced by the southward

propagating eddy trains observed in the Mozambique Channel and by the Agulhas

current, being characterized by a mix of different water masses (e.g. Ullgren

et al., 2012). Region D is located in the subtropical high salinity pool, in the STW

formation area, and is characterized by a low precipitation regime (Figure 4.6).

In the comparison by region, only the filtered Aquarius SSS data have been

used since these data fit better to Argo. The linear regressions between

Aquarius and Argo for each region, computed at a 95 percent confidence level,

are given in Table 4.3 together with other basic statistics. Notice that the

Aquarius performance is different for the different regions, with freshening being

remarkable in region B (tropical eastern basin). For instance, region B has the

greatest difference in the mean values, with the mean SSS differences (Aquarius

minus Argo) of -0.27, the biggest rms difference (0.29), and the most negative

skewness in the statistical distribution of the differences (-1.06). The standard

deviations from Aquarius and Argo also present the biggest difference in region B,

with Aquarius having higher standard deviation. The scatter diagram between

Aquarius and Argo data shows that they are correlated in region B (r=0.72),

but there is a much more scatter at low salinity values (< 32.5 in Aquarius)

(Figure 4.5b). Although region A is located in the same latitude range as region

B and also influenced by the high precipitation regime, the relationship between

Aquarius and Argo in region A is stronger (r=0.88), and no clear difference is

found in the low salinities (Figure 4.5a). In the region A, some freshening is

observed in the Aquarius data with a slightly negative mean and skewness (Table

4.3).

Region C, located on the western boundary, presents the lowest correlation

coefficient (r=0.63) (Figure 4.5c). The collocated points with largest SSS

differences are concentrated around 38°S -40°S where a narrow and strong
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Figure 4.5.: Comparisons between SSS collocated observations from Argo floats

and Aquarius fields by region. The locations of the regions A to D

are shown in the map. The maps show the time-averaged SSS from

the Aquarius filtered dataset for the period between 25/08/2011

and 25/08/2013. Grey contours are the 1000 m, 2000 m and 3000

m isobaths from Smith-Sandwell 2-minute bathymetry. Histograms

show statistical distributions of the differences (∆) between filtered
Aquarius and Argo SSS for each region. Blue is used for negative

differences and red for positive differences. Scatter diagrams show

the relationship between filtered Aquarius and Argo in each region,

r is the linear correlation coefficient and n the number of collocated

observations.
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Figure 4.6.: (a) Time-averaged precipitation rate from the TRMM-based 3B42

product for the period between 25/08/2011 and 25/08/2013.

(b) collocated SSS observations where Aquarius-Argo salinities

difference (∆) is less than -0.8. Coloured dots indicate the

precipitation rate in mm/h as shown by the colourbar. Dot sizes show

the difference between Aquarius and Argo salinities as indicated in

the legend. (c) Histogram of precipitation rate for the collocated

observations shown in (b). Pink is used for non-rainy conditions

(< 0.1 mm/h) and beige for rainy. (d) Aquarius seasonal-averaged
SSS field (Aug-Oct). Black dots are the positions for the non-rainy

observations from (c).
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Table 4.3.: Basic statistics of collocated SSS observations (Argo, filtered

Aquarius) by region (A to D). ∆ is the difference between Aquarius

and Argo (Aquarius - Argo). std stands for standard deviation, slope

and intercept are from the linear regression of Argo to Aquarius

salinities, r is the linear correlation coefficient and rms stands for root-

mean-square. Values in square brackets refer to Aquarius. Values in

parentheses are the 95 percent confidence interval.

A B C D

(5°- 20°S; 55°- 85°E) (5°- 20°S; 90°- 140°E) (5°- 40°S; 20°- 50°E) (25°- 36°S; 55°- 115°E)

mean 34.73 [34.63] 34.20 [33.93] 35.43 [35.41] 35.57 [35.41]

std 0.42 [0.42] 0.31 [0.42] 0.22 [0.23] 0.24 [0.23]

intercept 3.943(± 0.754) 0.589(± 1.289) 12.146(± 1.109) 2.157(± 0.657)

slope 0.884(± 0.022) 0.975(± 0.038) 0.657(± 0.031) 0.938(± 0.018)

r 0.882 0.725 0.629 0.814

mean(∆) -0.10 -0.27 -0.02 -0.05

skew(∆) -0.14 -1.06 0.20 0.15

rms(∆) 0.20 0.29 0.19 0.16

haline front exists in the Aquarius SSS fields in these dates (not shown), and

where the eastward Agulhas Return Current flows (Lutjeharms and Ansorge,

2001). In the Aquarius SSS fields, salty waters (> 35) are found in the northern

part of the front while fresh waters (< 34.5) are found in the southern part, within

two degrees of latitude (not shown). It seems that fresher Argo collocated SSS

data are from the southern pattern of this frontal system, and the saltier Aquarius

data come from the northern part, probably because the low spatial resolution

(1°× 1°) of Aquarius Level-3 fields smears the narrow front. If the southward

limit of region C is modified to 36°S (as in region D), the correlation coefficient

gets larger (r= 0.73) and the rms difference gets lower (0.17). In the latter case,

the statistical distribution of the differences between Aquarius and Argo has a

mean close to 0 (-0.004) and a slightly positive skewness (0.13).

In region D, the collocated SSS data are strongly correlated (r=0.81), presenting

the lowest rms difference. The distribution of the Aquarius-Argo differences has

a slightly negative mean (-0.05) but a positive skewness. In conclusion, region C

and D do not show the strong fresh bias in Aquarius salinities observed in region

B or even the weaker fresh bias observed in region A.
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4.3.1.1. Freshening in the Tropical Region: Precipitation and Wind Speed Effects

Recent studies (e.g. Boutin et al., 2013, 2012; Reul et al., 2014; Tang et al.,

2013) have associated the freshening in the satellite-based SSS observations

to the presence of rain. The rain can directly affect the vertical salinity

stratification, creating a fresh skin in the first centimetres of the ocean, which

is the measurement made by satellites at L-band. Rain can also have an

indirect effect on the Aquarius sea surface brightness temperature and the radar

backscatter (Tang et al., 2013). But, in this case, the rain effect is strongly

dependent on the wind speed, such that at low wind speeds (< 5 m/s), even a

very light rainfall can cause significant changes in radar backscatter and surface

emissivity. In wind speeds above 15m/s, even a strong rainfall does not influence

significantly the SSS retrievals from Aquarius.

To verify whether the freshening observed in the tropical South Indian Ocean

is related to rainfall and wind speed, we have analysed both satellite-based

precipitation and wind speed datasets between 55°E-140°E and 5°S-20°S

(encompassing regions A and B). Note that the datasets used here do not allow

us to analyse the direct and indirect rain effects separately.

For each SSS collocated pair in the region above, we extracted the precipitation

rate (PR) and the wind speeds from Aquarius, F16 and F17 datasets at the closest

grid point and day. In total, there are 4360 observation points in the subset.

Since we are considering all the area east of 55°E, this total is somewhat greater

than the sum of observations in regions A and B. In the present work, the PR

threshold of 0.1 mm/h is used to define non-rainy (PR < 0.1) and rainy conditions

as adopted by Boutin et al. (2013) and Reul et al. (2014). We found that 64%

of the collocated observations in the tropics are under the influence of rain. In

the rainy subset, 19.38% of the data were obtained at very light precipitation (<

0.25 mm/h), 35.4% at light precipitation (0.25-1.0 mm/h), 32.8% at moderate

precipitation (1-4 mm/h), 12.2% at heavy precipitation (4-16 mm/h) and only
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Table 4.4.: Basic statistics of collocated SSS observations (filtered Aquarius,

Argo) for the region between 55°E-140°and 5°S-20°S as a function

of the precipitation rate. Rows labelled as (∆ < −0.8) refer to the
statistics for the collocated observations with remarkable freshening

(see text for details). n is number of daily observations used In the

mean wind speed column, values in parentheses refer to the F16 and

F17 SSM/I satellites, respectively and outside the parentheses to the

Aquarius wind speeds.

precipitation rate (mm/h) mean(∆) skew(∆) mean wind speed (m/s) n

0.00-0.10 (no rain) -0.18 -1.17 7.93(7.58, 7.58) 1569

0.10-0.25 -0.16 -0.67 7.95(7.63, 7.63) 541

0.25-1.00 -0.18 -0.55 7.59(7.20, 7.20) 989

1.00-4.00 -0.25 -1.01 6.79(6.45, 6.45) 917

4.00-16.0 -0.30 -0.84 6.30(5.89, 5.89) 341

16.0-50.0 -0.35 -0.46 6.07(4.87, 4.87) 3

0.10-0.25 (∆ < −0.8) -1.07 -0.67 6.96(6.29, 5.89) 5

0.25-1.00 (∆ < −0.8) -1.00 -1.04 6.20(5.94, 6.01) 16

1.00-4.00 (∆ < −0.8) -1.07 -1.24 5.98(5.71, 5.79) 33

4.00-16.0 (∆ < −0.8) -1.08 -2.07 6.47(5.55, 5.95) 24

0.1% at very heavy precipitation (16-50 mm/h) (Table 4.4). In general, the

SSS freshening due to rainy conditions in the tropics seems to increase with

the precipitation rate and decreases with the wind speed in agreement with Tang

et al. (2013). Notice in Table 4.4 that even under non-rainy conditions, the mean

and the skewness of the SSS differences are negative in the tropics. Tang et al.

(2013) and Boutin et al. (2013) have also noted that not all satellite-based SSS

freshening occurs under rainy conditions.

4.3.1.2. Remarkable Freshening in the Eastern Tropical Basin

We selected all SSS collocated pairs with differences between Aquarius and Argo

lower or equal to minus 3 standard deviations (∆ <-0.80) for a detailed study.

There are 112 SSS pairs that satisfy this criterion. This subset is confined to

the eastern basin between 5.5°S-14.5°S and 87°E-114°E (Figure 4.6b). In this



Chapter 4. Aquarius Sea Surface Salinity in the South Indian Ocean: Revealing

Annual-Period Planetary Waves 127

subset, the maximum SSS difference between Aquarius and Argo is -2.0. About

70% of the data are under rainy conditions, mostly in moderate (1-4 mm/h)

and heavy rainfall (4-16 mm/h) (Figure 4.6c), relatively weak winds (5-6 m/s)

and between November and May (Table 4.4). The mean SSS difference between

Aquarius and Argo is roughly -1.0, independent of the precipitation rate, but the

negative skewness increases with the precipitation. Although the rain clearly

impacts the Aquarius SSS retrievals, the scatter plot (not shown) between the

SSS differences (Aquarius minus Argo) and precipitation rates does not present

any simple linear relationship between these variables.

Approximately 30% of the remarkable freshening (∆ <-0.80) in the tropical

South Indian Ocean occurs under non-rainy conditions. The non-rainy freshening

is mostly found from August to October during the southeast monsoon. During

this period, the winds are stronger, with mean wind speeds of 7.6 m/s recorded by

F16 and F17 data and 8.6 m/s by Aquarius, with standard deviations of 1.5(1.6)

m/s in F16 (F17) and 1.9 m/s in Aquarius. Inspection of Aquarius SSS fields

shows that most of the non-rainy freshening data are located over a low salinity

pool (≈ 32.5). This suspicious low salinity pool in the Aquarius fields begins close

to the Sunda Strait (between southern Sumatra and western Java) and extends

southward up to 10°S roughly at 105°E (Figure 4.6d).

However, in situ measurements at the exit passages of the other ITF straits

show salinities as low as 31.5, and some leakage of very freshwater from the

Indonesian seas into the South Indian Ocean (Sprintall et al., 2003). In order

to determine whether the (suspicious) low salinity pool found in the Aquarius

fields is somewhat linked to a freshwater leakage from Indonesian seas as a

result of local ocean dynamics, we studied output of the 1/10° grid resolution

eddy-resolving OFAM3 model, since this model is is able to reproduce relatively

well the transport from the Indonesian Throughflow straits (Oke et al., 2013).

The OFAM3 SSS pattern for the August-October season, averaged from 1993
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to 2010 is shown in Figure 4.7 besides the SSS from Aquarius for the same

season for a qualitative comparison. A clear southward leakage of a very low

salinity water through the Sunda Strait can be seen in the OFAM3 SSS field. The

leakage forms a narrow low salinity tongue invading the Indian Ocean between

5.8°S -7.2°S, centred at 104°E. In OFAM3, the low salinity tongue spans from

the surface down to 50 m depth at 104°E, becoming thinner as it goes to the

open ocean (not shown). The presence of this leakage in OFAM3 suggests that

the broad low salinity pool found in the Aquarius fields (Figure 4.7b) may be

in fact related to a realistic and strong SSS feature. However, probably due

to the low spatial resolution and Gaussian smoothing applied in the Aquarius

Level-3 fields, the low salinity signature from Indonesian seas leakage is spread

over a much wider region (Figure 4.7b). On the other hand, Argo observations,

which are only available for local depths greater than 2000 m, are collected away

from the influence of the low salinity leakage revealed in OFAM3 outputs (e.g.

black dots in Figure 4.7b). Thus, when the Aquarius data are compared with

Argo in the tropical eastern basin, the Aquarius observations tend to be fresher.

Consequently, the freshening in the eastern tropical South Indian Ocean may not

be necessarily related to rainfall or wind speeds as first hypothesized, but might

instead be related to a real advective feature that Aquarius may be not able to

properly resolve (at least the Level-3 product).

4.3.2. RAMA

From the 12 RAMA moorings listed in Table 4.1, only 8 have been selected to

compare with Aquarius SSS fields. We did not use the moorings located at

8°S-95°S, 12°S-95°E and 8°S-100°E because of their reduced number of valid

data (Table 4.1) and their locations near to the low salinity pool discussed above

(mainly the 8°S-95°E mooring). Since the filtered Aquarius dataset agrees better

with the Argo floats, only the filtered version has been used for the comparison
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Figure 4.7.: Comparison of OFAM3 and Aquarius SSSs for the freshening

unrelated to local rain. (a) Time-averaged SSS for the August-

October season obtained from the OFAM3 model and (b) same for

Aquarius. OFAM3 data is average for the period 1993-2010, and

Aquarius for 2011-2012. Circles are the Argo positions associated

with non-rainy conditions shown in Figure 4.6.

with RAMA.

For each RAMA mooring, we extract Aquarius SSS at the grid point closest to the

buoy position, except for the mooring at 25°S-100°E. This mooring is located

over the northern boundary of the high salinity pool of the subtropics (Region

D in Figure 4.5), a haline frontal region. Saltier waters are found south of

25°S while less salty waters are north of this latitude. When we extracted the

Aquarius SSSs at 25°S-100°E grid point, the Aquarius data were always fresher

than RAMA. However, when we extracted the Aquarius data at 26°S-100°E (the

following grid point), the agreement with RAMA was much better. Hence our

comparison here is based on the Aquarius SSS data from 26°S-100°E grid point.

However, to be consistent with the RAMA positions we refer to the collocated

data as 25°S-100°E.

For the 8 moorings analysed here, Aquarius is able to reproduce very well

the SSS seasonal cycle (Figure 4.8), even for buoys under moderate to heavy
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Table 4.5.: Basic statistics of collocated SSS observations from filtered Aquarius

and RAMA mooring data (1 m and 10 m). ∆ is the difference between

Aquarius and RAMA (Aquarius - RAMA) and δ is difference between
RAMA 1 m and 10 m. r is the linear correlation coefficient and n

is number of daily observations used.Values in brackets refer to 10

m depth. In the r column values in parentheses are the 95 percent

confidence interval.

Mooring mean(∆) skew(∆) n mean(δ) skew(δ) r n

8°S; 55°E -0.16 [-0.20] 0.03[-0.57] 629[495] -0.04 -3.10 0.947(±0.008) 495

8°S; 67°E -0.08 [-0.14] 0.11[ 0.08] 425[385] -0.05 -1.29 0.997(±0.001) 385

8°S; 80°E -0.24 [-0.24] 0.40[ 0.34] 662[728] 0.00 -1.04 0.994(±0.001) 661

12°S; 55°E -0.02 [ 0.03] 0.33[ 0.29] 661[436] 0.01 -0.12 0.982(±0.003) 436

12°S; 67°E -0.08 [-0.08] 0.35[ 0.39] 509[510] 0.00 -4.88 0.995(±0.001) 506

12°S; 80°E -0.09 [-0.10] 0.30[ 0.51] 730[355] 0.03 -1.81 0.942(±0.011) 355

16°S; 55°E 0.04 [ 0.05] 0.40[ 0.52] 405[570] 0.05 1.49 0.909(±0.017) 330

16°S; 80°E [-0.05] [-0.95] [419]

25°S; 100°E -0.04 [-0.06] -0.28[-0.14] 363[363] -0.02 -1.14 0.997(±0.001) 363

precipitation conditions (8°S-67°E; 8°S - 80°E; 12°E-80°E). The rms differences

vary from 0.15 at 25°E-100°E (lowest PR) to 0.32 at 8°S-80°E (highest PR),

which are on average near to the Aquarius target accuracy. Even for the moorings

located in high precipitation regimes, no significant SSS vertical stratification

between 1 m and 10 m depths is observed. The time series (when they exist

for both depths) agree well, with linear correlation coefficients greater than 0.9

(Table 4.5). Freshening effects in Aquarius data are clearly visible at the 8°S

-80°E mooring (Figure 4.8), where we see the strongest difference between

Aquarius and RAMA salinities (-0.24) (Table 4.5).

In general, the Aquarius SSS fits slightly better to the RAMA salinities at 1 m

depth than those from 10 m, as expected (Table 4.5 and Figure 4.8). Strongest

correlations between Aquarius and RAMA are found at 8°S-80°E (r=0.92) and

8°S-67°E (r=0.90), which are indeed within the high precipitation regime. The

weakest correlation occurs at 16°S-55°E (r= 0.62), although at this mooring the

correlation is stronger with the more complete 10 m time series (r = 0.77).
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Figure 4.8.: Comparison between SSS time-series from Aquarius (black) and

RAMA mooring data at depths of 1 m (red) and 10 m (blue), and

RAMA-measured precipitation rates (light blue). r is the linear

correlation coefficient between SSS from Aquarius and RAMA at 1

m depth, and d denotes the root-mean-square differences. Values

in parenthesis are relative to 10 m depth.

4.4. Analysis of the Annual Band from SSS and SSH Datasets

4.4.1. Extracting the Annual Signal

To determine whether annual westward propagation signals can be detected in

the SSS data, the Aquarius anomaly SSS fields have been decomposed into

annual (210 days < T ≤ 1.2 years), semi-annual (150 ≤ T ≤ 2100 days) and
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intra-seasonal (30 ≤ T < 150 days) components using a method that combines

SSA and MEM analyses (Ghil et al., 2002), in a similar way to Vianna and Menezes

(2013). Here, the SSS anomaly dataset is given as s(t) = SSS(t)− SSS, where

SSS(t) is the SSS at time t and SSS is the time-average SSS for the first two

years of the Aquarius mission (Aug 25/2011 to Aug 25/2013).

Basically, the method consists of three steps. First, the SSS anomaly fields s(x, t)

are expanded into a number of Empirical Orthogonal Functions (EOF) necessary

to account for 99% of the s variance:

s(x, t) ≈ g(x, t) =
N∑
i=1

PCi(t)EOFi(x), (4.1)

where g is the approximate EOF-based representation to s, x is the grid point

(Lat,Lon), t is time, EOFi(x) is the spatial pattern and PCi(t) is the time

component of the EOF mode expansion. Each PCi(t) is then expanded by SSA

into a number Ki of Reconstructed Modes RC
k
i (t), using aM = N/3 = 244 (days)

(free windowing parameter), where N is the time series length (see Ghil et al.,

2002, for general properties of the SSA). Usually, each RC is characterized by

a dominant time period Tk, that is estimated here by MEM. The band-limited

PCs denoted as PCJs
i (t) are obtained as PCJs

i (t) =
∑

TkεJs

RC
Tk
i , where Js

represents a spectral period band as defined above (annual, semi-annual, or

intra-seasonal). Finally, the Js band-limited components are reconstructed as:

gJs(x, t) =
N∑
i=1

PCJs
i (t)EOFi(x). The explained variance for each Js band is

calculated automatically from SSA and EOF outputs.

The method described above was also used to extract annual, semi-annual and

intra-seasonal components from the RG gridded SSS and SSHA datasets. Note

that the free window parameters M used in the latter decompositions are also

given by M = N/3, where the N is the respective time series lengths. To obtain

RCs characterized by one spectral component one must choose large Ms, and
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common practice suggests a M ≈ N/3 (Ghil et al., 2002). Note that the choice

of M does not impact our analysis since we are selecting all RCs from a specific

time period band (annual, semi-annual or intra-seasonal).

The propagating space-time structures of the annual band-limited datasets were

analysed using Complex Hilbert Empirical Orthogonal Functions (CEOF) in a

similar way as in Shriver et al. (1991) and Perigaud and Delecluse (1992).

The CEOF decomposition yields information about the spatial and temporal

components of the phases and amplitudes of the propagating signals. For each

CEOFmode, the frequency (ω) and the wavenumber vector (k) of the propagating

CEOF mode can be estimated by the slope of the temporal phase (∂φ(t)/∂t) and

by the spatial gradient of the phase vector (∇), respectively. Hence, the phase

speeds can be estimated as c = ω/∇. The spatial gradients have been computed

using the approach formulated by Anderssen and Hegland (1999).

4.4.2. SSS Signal Propagation in the Annual Band

Heffner et al. (2008) and Subrahmanyam et al. (2009) have described distinct

annual-period westward propagation of SSS signals in the South Indian Ocean

based on numerical simulations. They interpreted these signals as signatures

of annual Rossby waves, as corroborated by analysis of other variables mostly

based on SSHA. Since we are interested in verifying whether Aquarius is able to

capture such signals, the analysis here is focused on the annual period band. We

also analyse the annual band from the independent Argo gridded SSS RG dataset

because the Aquarius seasonal cycle may be impacted by non-oceanographic

errors (see Section 4.2.1), although in the South Indian Ocean we found Aquarius

to be able to reproduce very well the seasonal cycle obtained from RAMA buoys

as shown in Section 4.3.2.

The annual band explains the largest variance in both Aquarius and RG datasets

(Table 4.6). In Table 4.6, the summation of the variances explained from the
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Table 4.6.: Variance explained by Aquarius and RG band-limited datasets. Values

in parentheses have been computed for a common time interval (Sep

2011 - Aug 2013) and temporal resolution (monthly means).

Component Period Aquarius RG

INTRA 30 ≤ T < 150 days 19.08% (12.00%) 11.49% (15.06%)

SEMI 150 ≤ T ≤ 210 days 8.43% (13.09%) 7.01% ( 8.77%)

ANNUAL 210 days < T ≤ 1.2 years 44.36% (60.23%) 47.92% (65.65%)

band-limited datasets do not add up to 100%. This is because the values are

relative to the total variance of the respective datasets and there are components

that were not accounted for in our decomposition, as inter-annual variabilities.

For instance, 32.6% of the variance in the RG data is due to variabilities with

periods greater than 1.2 years. Note that the differences between the variances

explained by the the band-limited datasets from Aquarius and RG are due to

different time length and time-resolution of these datasets. When both data are

represented by their monthly means and same time-interval these differences

are not observed (Table 4.6).

Analysis of the annual band reveals a much more complex structure of the SSS

propagation pattern in the annual cycle than anticipated from Heffner et al.

(2008) and Subrahmanyam et al. (2009). One striking feature is the division

of the South Indian Ocean by the Ninety East Ridge (≈ 88°E) into two distinct

sub-basins in terms of annual propagation of SSS features. We refer to these

sub-basins as the western and eastern basins for short. Here, the propagation

refers to spatial-temporal movements of SSS anomalies, and propagating wave

modes will be used when implying planetary waves.

To facilitate the reading, we organized this section into three distinct blocks.

First the analysis of time-longitude and time-latitude diagrams from the annual

band are presented for Aquarius (Figure 4.9) and RG (Figure 4.10), followed

by the results from the SSS CEOF analyses, from which the annual band can

be interpreted as a superposition of propagating wave modes, and finally the
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Figure 4.9.: Time-longitude and time-latitude diagrams from Aquarius annual

band. Upper panels: Time-longitudes. Lower panels: Time-

latitudes. Grey shadings show the bottom topography from Smith-

Sandwell 2-minute bathymetry. Notice the westward propagation at

20°S (b) and 25°S (c) and the eastward propagation east of 90°E

at 10°S (a).

comparison between the observed SSS propagation structures and those of

SSHA.

4.4.2.1. Time-longitude(latitude) Diagrams

In the Aquarius SSS time-longitude diagrams, westward propagation of SSS

anomalies is very clear between 15°S and 28°S. This signal is stronger in low

latitudes (amplitude around ± 0.3) and weaker in the subtropics (± 0.15) (Figure
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Figure 4.10.: Time-longitude (upper panels) and time-latitude (lower panels)

diagrams from RG annual band for the period 2009-2013 at same

positions shown in Figure 4.9 for Aquarius. In the time-longitude

diagrams, grey shadings show the bottom topography from Smith-

Sandwell 2-minute bathymetry.

4.9 a). In latitudes higher than 28°S, zonal propagation is not clear (Figure

4.9d). Eastward SSS propagations are found for example in the tropics east of

90°E between 6°S and 12°S (Figure 4.9a). Note that we will discuss the nature

of these propagations in relation to planetary waves in the next subsection on

CEOF analysis, because the CEOF provides a bi-dimensional spatial visualization

of the propagating structures.

The time-latitude diagrams in Figure 4.9 show the meridional component

propagation of SSS anomalies. One particular feature in these diagrams is
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the apparent mid-ocean discontinuity in the characteristics of the propagating

signals, which is also known to happen in the annual cycle of sea surface height

(e.g. Wang et al., 2001, and references therein). For instance, the Ninety

East Ridge seems to strongly influence the pattern of the SSS propagation. In

the western basin (Figure 4.9e-g) the amplitudes are larger, greater than 0.3,

and the propagation is poleward between 5°S -20°S. Just west of the Ridge

(85°E, Figure 4.9 g), the poleward propagation reaches 25°S. East of the Ridge

(95°E, Figure 4.9h), the amplitudes are smaller and signal propagation is mostly

equatorward. It is difficult, however, to interpret the nature of these meridional

SSS propagations using only time-latitude diagrams. For example whether or not

these north-south propagations are due to incident westward propagating non-

dispersive Rossby waves that have a sloping crest from northwest to southeast.

We will return to this subject in the next section on CEOF analysis.

It is important to note that the pattern previously described in Aquarius is also

observed in the longer time series of the RG SSS data. Time-longitude and

time-latitude diagrams for a subset of 5 years of the RG annual band are shown

in Figure 4.10. Despite the different time-resolution and length of Aquarius and

RG datasets, the diagrams show mutual consistency, indicating that the SSS

anomaly propagations identified in Aquarius are characteristic of the seasonal

cycle of the South Indian Ocean.

4.4.2.2. CEOF SSS Analysis

In the Aquarius annual band dataset, the leading CEOF mode explains 93.3%

of the variance, with second and third modes explaining only 3.5% and 2.2%,

respectively. In the RG annual band, the leading mode accounts for 91.5% of the

variance explained, with the second (third) mode accounting for 1.7% (1.3%).

We focus on the first CEOF mode, since it accounts for most of the variance in

Aquarius and RG datasets, and consider the other modes to be dominated by
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noise.

The phase angles and amplitudes (arbitrary units) of temporal components of

the first CEOF mode are shown in Figure 4.11. The usual sawtooth graph for

the phase angles confirms the propagating nature of the SSS structures in the

seasonal cycle. The cycles begin in June in Aquarius and in May in RG, probably

because of the different temporal resolution of the two datasets. The spurious

high values in the beginning/end of the time series of the amplitudes, which

are very clear in the shorter Aquarius time series, are due to a known problem

in CEOF analysis, which is related to the way in which the Hilbert transform is

computed using the FFT (Fast Fourier Transform) method. The time series of

the amplitudes in RG suggest that the seasonal cycle strength varies with some

inter-annual modulation.

The maps of phase angles of the first CEOF mode from Aquarius and RG indicate

the presence of signal propagation in both meridional and zonal directions (Figure

4.12a,b), as already seen in the time-longitude and time-latitude diagrams.

Although interpretation of these maps needs to be done with some care, they

are suggestive of different propagation patterns east and west of the Ninety East

Ridge in the region between 10°S-30°S. Despite the different lengths of Aquarius

and RG datasets, the propagation patterns are quite similar, except in the western

basin just west of 60°E and south of 20°S, where the annual cycle amplitudes

in Aquarius data are indeed much smaller (Figure 4.12c). In both datasets, the

highest amplitudes are located in the tropics between 5°S-15°S and 60°E-90°E.

Lowest amplitudes of annual variability are found mainly in the region spanned

by the eastward South Indian Countercurrent around 25°S. The slight difference

between the amplitude maps from Aquarius and RG may be mostly related to

the different time series lengths and time-resolution of each.

Since Aquarius and RG datasets have in general similar CEOF characteristics,

and Aquarius does not seem to be significantly impacted by seasonal errors
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Figure 4.11.: CEOF time components from Aquarius and RG leading modes:

(a,c) phase angles and (b,d) amplitudes (arbitrary units). Dots

refer to the cycle used in the animation of the reconstructed mode

snapshots.

of non-oceanographic origin in the South Indian Ocean, we focus our further

analyses to Aquarius data, which is the main subject of the present paper. Aiming

to obtain a better interpretation of the complex pattern shown in Figure 4.12,

direction of propagation and phase speed components have been computed from

the gradient of the spatial CEOF phase as explained before (Section 4.4.1).

Furthermore, the first CEOF mode has been reconstructed as usual, and the

reconstructed snapshots for one propagation cycle from June 2012 to June 2013

have been animated (see Dynamic Content).

The propagation direction of the SSS structures for CEOF spatial amplitudes

greater than 0.008 (arbitrary units) is shown in Figure 4.13. In this figure,

the arrows are coloured relative to the meridional component of the phase
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Figure 4.12.: CEOF spatial components from Aquarius and RG leading mode:

(a,b) phase angles and (c,d) amplitudes (arbitrary units). Grey

contours are the 1000 m, 2000 m and 3000 m isobaths from Smith-

Sandwell 2-minute bathymetry.

speed direction such that blue is used for positive meridional vector components

(northward) and red for negative (southward). The map of directions, supported

by the snapshot animation, clearly indicates a division of the South Indian

Ocean by the Ninety East Ridge into two distinct sub-basins in terms of

annual propagation of SSS features. In the western basin, the propagation is

mostly westward (south-westward direction) between 5-20°S. The animation

suggests the origin of this propagation as being in the equatorial zone north

of 5°S, although we can not be sure if it starts over the Equator or further

to the north, since the northern limit of our grid is at 5°S. In the eastern
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basin, a striking clockwise propagation feature centred roughly at 100°E-15°S

is clearly seen. In this clockwise feature, a south-eastward propagation is

found in the tropics east of 90°E along the South Java Current, and then a

south-western propagation between 15°S-28°S and 100°E-115°E, and a north-

eastward propagation between 28°S-12°S. Thus, the eastward SSS propagations

previously described for the time-longitude diagrams at 10°S (Figures 4.9a and

4.10a) is part of this clockwise feature. The south-eastward propagation may

be related to remotely forced coastal Kelvin waves that are known to occur in

this region (Quadfasel and Cresswell, 1992; Sprintall et al., 1999, 2000, 2003).

The coastal Kelvin waves are forced by winds in the equatorial Indian Ocean

during the monsoon transition periods (April/May and Oct/Nov) and are likely to

be associated with the reversal in direction of the South Java Current (Quadfasel

and Cresswell, 1992; Sprintall et al., 1999, 2003). Typically, the April/May Kelvin

wave is found to be stronger than the Oct/Nov wave, and these waves are

associated with changes in surface layer salinities (Sprintall et al., 2003, and

references therein).

For a better visualization of the pattern of the SSS propagation in the zonal and

meridional directions, the zonal (meridional) phase speeds are shown in Figure

4.14. In this figure, westward (poleward) direction is negative, while eastward

(equatorward) direction is positive. Westward propagations are faster in the

tropics, north of 20°S, where phase speeds can be higher than 60 cm/s. In

the subtropics, the phase speeds reach up to 20 cm/s. Adjacent to the eastern

boundary (near the West Australian shelf), the westward phase speeds around

15-20 cm/s are suggestive of a classical eastern boundary forced Rossby wave as

studied by Morrow and Birol (1998) and Birol and Morrow (2001, 2003). But just

east of the Ninety East Ridge, south of 15°S, there is a meridionally elongated

band of eastward phase speeds around 5 cm/s, which may be related to wave

reflection by the ridge. This eastward band is the zonal component of the north-

eastward propagation of the clockwise feature seen in the vector map of Figure
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Figure 4.13.: Direction of propagation of SSS structures from the CEOF Aquarius

leading mode for spatial amplitudes greater than 0.008 (arbitrary

units, see Figure 4.12). Red arrows are used for negative

meridional components, indicating poleward direction. Blue

arrows are used for positive meridional components, indicating

equatorward direction. Grey contours are the 1000 m, 2000 m

and 3000 m isobaths from Smith-Sandwell 2-minute bathymetry.

4.13. West of the Ninety East Ridge, the propagation is westward with phase

speeds around 10 cm/s, which may be related to an eastern boundary-type

forcing by the Ridge as studied by Barnier (1988), for example. To the west

of 70°E several elongated meridional propagation bands parallel to the bottom

topography appear, especially between Madagascar and the Mascarene Ridge.

These waves seem to be trapped by the abrupt topography. Since this kind of

trapping mechanism observed here in these SSS waves has not been described

to date, this may be a good subject for future research.

Poleward propagation with phase speeds around 20 cm/s dominates the merid-

ional phase speed map north of 30°S, except for a band of equatorward phase

speed trapped to the eastern boundary of the Ninety East Ridge. This band is

the north-eastward propagation in the eastern basin seen in the vector map of

Figure 4.13 and is also seen in time-latitude diagrams at 95°E (Figures 4.9h and
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Figure 4.14.: Phase speeds of SSS structures from the CEOF Aquarius leading

mode: (a) zonal component and (b) meridional components.

Positive values indicate eastward (northward) phase speeds.

Negative values indicate westward (southward) phase speeds.

Black contours are the 1000 m, 2000 m and 3000 m isobaths from

Smith-Sandwell 2-minute bathymetry.

4.10h). South of 30°S, propagation is mostly equatorward with phase speeds

up to 20 cm/s. The poleward propagation observed in the western basin north of

30°S is consistent with the slanted northwest-to-southeast direction of Rossby

wave crests. However, south of 30°S and in the band adjacent to the eastern

side of the Ninety East Ridge, the equatorward phase speeds are suggestive of

the presence of other processes distinct from pure Rossby waves.

The CEOF analysis suggests a complex dynamics of the SSS annual cycle in

the South Indian Ocean. The observed propagation pattern described here

may be better interpreted as a superposition of propagating wave modes.

However, the theoretical studies of the physical processes of SSS dispersion

and propagation structures is still in its infancy: even the most basic theory

describing annual SSS (possibly planetary) wave motions is lacking. Our results

indicate that this theory must include processes dependent on different local

atmospheric drivers, especially the E − P forcing, other possible influences of

coupled ocean-atmosphere standing and propagating waves, and mid-ocean

topographic steering. For this reason we defer any more detailed account of the
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SSS planetary waves to another study specifically focusing on the SSS dynamics.

However, two important works examining the complex dynamics of sea surface

temperature Rossby waves have used coupled ocean-atmosphere dynamics to

explain these phenomena (White et al., 1998; White, 2000). In these works, the

authors studied the coupled variability of SST anomalies and SSHA, showing in a

convincing way that their extended dispersion relations of coupled Rossby waves

introduce additional zonal and meridional phase speed corrections, depending

on second derivatives of the mean basic state SST. This theory for SST Rossby

waves may provide the basis for development of theory around the SSS waves.

4.4.2.3. CEOF SSHA Analysis

A CEOF analysis of the altimetry SSHA annual band has also been done in the

same way as performed for the SSS datasets. In the case of SSHA, the annual

band accounts only for 28.65% of the total variance explained. In contrast to the

SSS data, the first CEOF mode from the SSHA annual band explains only 57.8%

of the variance, with the second and third modes accounting for 8.0% and 6.9%

respectively. Note that while in the SSS annual band the leading CEOF mode

explains roughly 90%, to account for the same variance in SSHA seven modes

are needed.

The phase angles of temporal components of the first three SSHA CEOF modes,

plotted only in the Aquarius period, are shown in Figure 4.15. The sawtooth

graphics for the phase angles indicate the propagating nature of the SSHA

structures in the annual band as expected (e.g. Perigaud and Delecluse, 1992;

Wang et al., 2001, and references therein). Only the third SSHA CEOF mode is

almost in phase with the single SSS mode. The first SSHA CEOF mode begins in

April and has a period of 1 year, the second mode is somewhat shorter than 1

year, and third mode begins in May with a period of 1 year.

The annual SSHA propagating structures obtained from the first seven CEOFs
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Figure 4.15.: CEOF phase angles from the time component of SSHA dataset

(black curves): (a) leading mode, which explains 57.8% of the

variance; (b) second mode (8%) and (c) third mode (6.9%). The

time series from SSHA are restricted for the Aquarius period (Aug

2011-2013). Grey dashed curves are the phase angle time series

from the leading Aquarius CEOF mode.

are quite different from those observed in SSS (not shown). In contrast to SSS,

the SSHA propagation pattern does not show a distinct clockwise feature in the

eastern basin neither seems to be strongly influenced by the Ninety East Ridge as

the SSS. The animation of the reconstructed snapshots (see Dynamic Content)

from the SSHA leading mode show clearly a westward wave originating in the

Pacific ocean, entering the Indian Ocean by the ITF route. Westward propagation

also dominates the second and third modes (see Dynamic Content).

The zonal (meridional) phase speeds for the leading mode are shown in Figure

4.16. Both zonal and meridional SSHA phase speeds are slower and their

patterns are more complex than in the SSS ones as shown in Figure 4.14.

However, dominance of south-west direction of propagation (negative zonal and

meridional phase speed CEOFmaps) indicates the typical slanted crests of Rossby

waves caused by the 1/f2 dependence in the Rossby wave dispersion relation.

The phase speeds from the second and third CEOF modes are generally lower

than the leading mode and much more noisy (not shown).

The observed SSHA patterns are difficult to describe via CEOFs without the

support of a detailed dynamical analysis, as for example that given by Wang

et al. (2001) for the 9°S -19°S region. Wang et al. (2001) explain the
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Figure 4.16.: Phase speeds of SSHA structures from the CEOF altimetry leading

mode: (a) zonal component and (b) meridional components.

Positive values indicate eastward (northward) phase speeds.

Negative values indicate westward (southward) phase speeds.

Grey contours are the 1000 m, 2000 m and 3000 m isobaths from

Smith-Sandwell 2-minute bathymetry. Notice the SSHA pattern

are quite different from the SSS leading mode. In general, the

SSHA phase speeds are lower than the SSS ones, see Figure 4.14.

presence of a breakdown in the westward annual propagation of SSHA centred

around 80°E. They proved elegantly that this breakdown is the result of an

interference between a SSHA Rossby wave forced by a local Ekman pumping

in the western basin, with another SSHA wave generated in the eastern basin,

radiated westward as Rossby waves. This happens because in the tropical South

Indian Ocean the surface winds are zonally inhomogeneous, and present two

distinct maxima, the stronger one in the eastern basin and the weaker one in

the western basin. Whether this inhomogeneous wind pattern also has some

influence on the SSS propagation described here is still to be studied.

4.5. Summary and Conclusions

In the present paper, a thorough analysis of the first two years of the Aquarius

satellite SSS data in the South Indian Ocean has been performed. This analysis

has revealed a complex structure of the SSS seasonal cycle, which can be
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interpreted as a superposition of propagating wave modes. The results pose

challenging questions about the dynamics controlling these SSS structures,

which differ from the SSHA annual propagation characteristics. Recall that in the

present paper, the term propagation refers generally to the space-time evolution

of SSS anomalies, and does not necessarily imply planetary waves unless thereby

specified.

Three questions have motived the present work. The first question was about

the accuracy of Aquarius SSS observations in the South Indian Ocean, especially

in relation to the fresh ITF and the salty subtropical waters. We found Aquarius

observations to be highly correlated with in-situ data from Argo floats, with an

overall linear correlation coefficient of 0.93 and a rms difference of 0.23, which is

close to the Aquarius target accuracy of 0.2 (global average rms error) (Lagerloef

et al., 2012). Disagreements between Aquarius and in-situ data were found to

occur near sharp oceanic fronts, e.g. in the Agulhas Return Current region,

probably because of the low spatial resolution of the Level-3 Aquarius data.

Moreover, Aquarius data were found to be fresher than in-situ observations in

the tropical region mostly in the path of ITF waters. This bias has been shown

to be mostly connected with the high precipitation regime of the tropical region.

Rainfall can affect the satellite-based SSS observations by a direct effect, creating

a fresh skin in the first centimetres of the ocean, or indirectly, by affecting the

surface brightness temperature and radar backscatter (see e.g. Boutin et al.,

2013, 2012; Tang et al., 2013). However, not all freshening in the tropical region

was found related to rainfall. In the eastern tropical basin, the freshening seems

instead to be related to a leakage of very fresh waters from Indonesian seas, a

real advective feature that the Level-3 Aquarius product is not able to properly

resolve. The lowest rms differences were found in the salty subtropical waters.

The second question was about whether Aquarius is able to give a spatial context

for interpreting the data measured by the RAMA mooring system in the South

Indian Ocean. We found that Aquarius observations reproduce quite well the
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seasonal cycle for the eight RAMA buoys analysed here, thus they can be

combined to give a more complete understanding of the SSS spatial-temporal

variability. Even in the high precipitation regime of the tropics, the time series

from Aquarius and RAMA have correlation coefficients greater than 0.9. The rms

differences vary from 0.15 at 25°S-100°E buoy, which is under a low precipitation

regime, to 0.32 at 8°S-80°E (high precipitation). These rms differences are in

average near to the Aquarius target accuracy.

Note that Lagerloef et al. (2013) have called attention to the fact that the annual

SSS cycle obtained from Aquarius products may be impacted by variabilities

caused by non-oceanographic signals, which most likely may be related to

residual errors in the correction for galactic effects and other terms of celestial

origin. Despite this real concern, we found the SSS seasonal cycle from

Aquarius in the South Indian Ocean to be very consistent with that obtained

from independent RAMA buoys and Argo-gridded RG datasets. Moreover, we

found the annual cycle from Aquarius and Argo-gridded RG data to produce very

similar SSS propagation patterns.

The third question dealt with whether annual westward propagating SSS signals

are detectable by Aquarius in the South Indian Ocean. This question was

particularly motived by the results obtained by Heffner et al. (2008) and

Subrahmanyam et al. (2009), which document the presence of westward SSS

annual propagation signals in the South Indian Ocean from a HYCOM numerical

simulation. These authors interpreted this westward propagation as signatures

of westward propagating Rossby waves in the SSS fields.

Our analysis of the annual period band from both Aquarius and RG datasets

showed that the westward SSS propagations occur in the latitude range of

15°S-28°S. The amplitudes of these westward propagating signals are stronger

in low latitudes (amplitudes around ± 0.3) and weaker in the subtropics (±

0.15), as also found by Subrahmanyam et al. (2009) in the model simulation.
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However, time-longitude and time-latitude diagrams based on Aquarius and Argo

data also show remarkable features with eastward and meridional phase speeds

components, in addition to westward propagation.

Subsequent analysis by CEOF revealed a much more complex structure of

the propagating SSS signals than anticipated from Heffner et al. (2008) and

Subrahmanyam et al. (2009), who only reported on expected characteristics of

westward propagating SSS signals. The CEOF analysis shows poleward phase

speeds dominating the region north of 25°S and equatorward phase speeds

dominating the region south of 30°S. The spatial amplitude of the leading CEOF

mode, which accounts for more that 90% of variance explained, has minimum

values in the region spanned by the eastward South Indian Countercurrent

around 25°S. The animation of the reconstructed leading mode snapshots

suggests that the sources of the propagating waves are outside the limits of

our study area. The CEOF analysis also indicates a division of the South Indian

Ocean by the Ninety East Ridge into two distinct sub-basins in terms of annual

propagation of SSS features.

Adjacent to the eastern boundary, westward SSS phase speeds resemble a

classical eastern boundary forcing of first mode baroclinic Rossby waves. The

specific eastern boundary generation processes seem to be mainly by seasonal

winds of the low-latitude tropics (Barnier, 1988; Wang et al., 2001). In

addition, coastal Kelvin waves and Leeuwin Current meandering in the mid-

latitude subtropics may also radiate these waves, as studied by Morrow and Birol

(1998) and Birol and Morrow (2001, 2003). However, just east of the Ninety East

Ridge there is a meridionally elongated band of eastward phase speeds which

resembles a Rossby wave reflection by a western boundary (the ridge) (Figure

4.14). The eastward band is part of a propagating feature centred roughly at

100°E-15°S. East of the eastward band, the slow eastward wave seems to get

strongly damped. This is suggested by Wang et al. (2001) as due to destructive

interference of Rossby waves propagating with opposite phases. West of the
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Ninety East Ridge, the propagation is again westward, which may be related to

a westward Rossby wave radiated by the Ridge, similar to the case of an eastern

boundary forcing, as studied by Barnier (1988), albeit Wang et al. (2001) suggest

that in the tropics this is directly caused by the peculiar annual cycle distributions

of the wind forcing.

The planetary wave structures observed in SSS and SSHA were shown here as

being quite different. This may be explained by the fact that the SSH response

to wind forcing is known to be related to the first baroclinic mode Rossby wave,

which reflects mainly thermocline oscillations, while the SSS is recognized to be

more related to the dynamics of the mixed layer. However, Aquarius is revealing

that the SSS does not behave just as a passive tracer. On the contrary, our

results suggest that SSS might reflect coupled ocean-atmosphere dynamics and

surface-subsurface processes operating over the entire South Indian Ocean basin

from the Equator to 40°S, and should be investigated in more detail by future

research efforts.



Chapter 5

Interannual Variability in the South Indian

Countercurrent (SICC): Dominance of the

Quasi-Biennial Band

Main findings

• Quasi-biennial band dominates the SICC interannual variability

• Main peak is in the 1.5-1.8 yr interval

• The quasi-biennial signal propagates westward with phase speeds

characteristic of Rossby waves

• Observed westward phase speeds seem to be influenced by the

southern SICC jet
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Abstract

In the present work, we thoroughly investigate the interannual variability of the

South Indian Countercurrent (SICC), a major and still understudied current of

the Indian Ocean surface circulation. To characterize the interannual variability

of the SICC, we analyse four different datasets (altimetry, GLORYS, OFAM3 and

SODA) using multiple tools, which include Singular Spectrum Analysis, wavelet

and cross-wavelet methods. We find that the quasi-biennial band (1.2 yr ≤
T < 3 yr) dominates the SICC low frequency variance, with the main peak in

the 1.5-1.8 yr interval. Interannual and decadal-type modulations of the quasi-

biennial signal are also identified. Within the quasi-biennial band the SICC flow

presents two main configurations with a multiple jet structure. One pattern is

characterized by a robust northern jet, while in the other the central jet is more

well developed. The southern jet has a strong signature in both patterns. The

quasi-biennial variability propagates westward with phase speeds characteristic

of Rossby waves. Interestingly, the observed quasi-biennial Rossby wave is 2 to

5 times faster than that predicted by the standard theory of freely propagating,

linear Rossby waves in the southern SICC jet domain. Our brief analysis of the

quasi-biennial Rossby wave stresses the importance of taking into account the

vertical structure of the SICC to fully understand the Rossby wave characteristics

in the South Indian Ocean.

5.1. Introduction

The South Indian Countercurrent (SICC) is a major and permanent current of the

Indian Ocean surface circulation (Wyrtki, 1971; Siedler et al., 2006; Palastanga

et al., 2007; Schott et al., 2009; Menezes et al., 2014a). Previously described

in the literature under different names, such as Tropical Countercurrent (e.g.,

Sharma, 1976; Sharma et al., 1978), or South Indian Ocean Current (e.g., Peter

and Mizuno, 2000), the SICC flows all the way across the basin from Madagascar

to Western Australia between the latitudes of 20°S and 30°S. In the eastern basin

(i.e. east of 90°E), the SICC seems to connect with the tropical Eastern Gyral

Current (EGC) around 15°S and with the Leeuwin Current, the only poleward

eastern boundary current in the world (Figure 5.1) (Schott et al., 2009, and

references therein).

The SICC is a shallow current trapped in the upper 300 m layer with zonal volume
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Figure 5.1.: Schematic representation of the near-surface circulation of the

South Indian Ocean based on Menezes et al. (2014a). Currents

indicated are the multiple jet structure of the South Indian

Countercurrent (northern (nSICC), central (cSICC) and southern

(sSICC) jets), the South Equatorial Current (SEC), the East-

Madagascar Current (EMC), Agulhas Current (AgC), Agulhas Return

Current (ARC), South Indian Ocean Current (SIOC), the seasonally-

reversing South Java Current (SJC), the tropical Eastern Gyral

Current (EGC) and the Leeuwin Current (LC). Gray shading shows

the main bottom topography features (1500-3000 m) from the

Smith-Sandwell 2-minute bathymetry.

transports of the order 3-4 Sv in the annual mean field (Menezes et al., 2014a).

Possibly fed by a partial retroflection of the East Madagascar Current (EMC)

(Siedler et al., 2006; Palastanga et al., 2007; Siedler et al., 2009), the annual

mean SICC is best described as composed of three main branches or jets with

strengths of around 10 cm/s, embedded in a broad and weak band of eastward

flow (1-2 cm/s) (Menezes et al., 2014a). The latter authors refer to these jets

as the northern (north of 24°S with a strong equatorward slant), the central

(22-24°S, east of 75°E) and the southern SICC (≈ 26°S from Madagascar to

Australia) (Figure 5.1).

The SICC multiple jet structure was first noted by Siedler et al. (2006) based

on a 5-year mean geostrophic circulation map derived from altimetry data. Jets

were also described by Divakaran and Brassington (2011), east of 90°E and
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by Huhn et al. (2012) west of 75°E. In the central-southern SICC domain,

Menezes et al. (2014a) found evidences that the meridional profile of potential

vorticity (PV) is characterized by a staircase-like structure, with the associated

jet-like currents over each step edge. The recent findings from Menezes et al.

(2014a) and Huhn et al. (2012) strongly indicate that the dynamics of the SICC

jets might be related to wave-mean flow interactions, as described by modern

paradigms of geophysical fluid dynamics explaining the ubiquitous appearances

of zonal jets in planetary atmospheres and oceans (see e.g., Baldwin et al.,

2007; Bühler, 2014; Dritschel, 2013; Scott and Dritschel, 2012, and references

therein). An important consequence of such physics to climate studies is that

these zonal jets were found to be effective barriers for meridional transports of

heat, momentum, chemical and biological tracers (Scott and Dritschel, 2012).

Indeed, Huhn et al. (2012) describe the SICC jets in the western basin acting

as boundaries (transport barriers in the meridional direction) for the Madagascar

chlorophyll bloom.

The SICC domain is also characterized by high eddy kinetic energy (EKE) and

large sea surface height (SSH) variability (Siedler et al., 2006; Palastanga et al.,

2007; Jia et al., 2011b,a). The high energy in this region has been associated

with westward propagation of planetary waves and eddies in several time scales,

from intraseasonal to interannual (e.g., Birol and Morrow, 2001, 2003; Fang

and Morrow, 2003; Jia et al., 2011b,a; Menezes et al., 2014b; Perigaud and

Delecluse, 1993; White, 2000; White et al., 2004, and references therein).

Few studies, however, have examined the temporal variability of the SICC. In the

seasonal cycle, the SICC is stronger in the austral spring-summer and weaker in

the winter (Palastanga et al., 2007; Jia et al., 2011b; Menezes et al., 2014a).

On interannual time scales, Jia et al. (2011a) describe alternating periods of weak

and strong eddy activity in the SICC region. During the eddy-rich periods, the

SICC appears to be stronger than in the eddy-weak years. Jia et al. (2011a)
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calculated lagged cross-correlations between the EKE time series and some

indices representing the main modes of climate variability that may impact the

Indian Ocean: ENSO (El Niño-Southern Oscillation), IOD (Indian Ocean Dipole)

and SAM (Southern Annular Mode) (see Schott et al., 2009, for a review

about these modes). The strongest phase coherence was found with the SAM

index, but their best correlation was only -0.3 at 4 month-lag. Despite this quite

low correlation, they argue that the SAM modulates the vertical shear between

the eastward SICC and the westward flow underneath. The authors, however,

emphasize that their results do not exclude the impact of other different forcing

fields, as for example from ENSO. ENSO is an important driver of interannual

variability in the Indian Ocean both by oceanic exchanges through the Indonesian

Throughflow (ITF) straits and by atmospheric teleconnections (e.g. Meyers,

1996; Masumoto and Meyers, 1998; Murtugudde et al., 2000; Potemra, 2001;

Feng and Meyers, 2003; Xie et al., 2002; England and Huang, 2005; Schott et al.,

2009; Valsala et al., 2011; Trenary and Han, 2012; Chakravorty et al., 2014; van

Sebille et al., 2014).

Another major driver of interannual variability in the Indian Ocean is the IOD,

a tropical ocean-atmosphere coupled mode. The IOD is characterized at the

surface by an oscillatory large-scale zonal gradient of temperature in the tropics,

with cooling off Sumatra and warming in the central and western Indian Ocean

in one phase (positive), and the opposite in the reversed phase (Saji et al.,

1999; Webster et al., 1999; Murtugudde et al., 2000; Schott et al., 2009). The

IOD also has an expression at thermocline depths (e.g., Rao et al., 2002; Feng

and Meyers, 2003; Shinoda et al., 2004). Thermocline depth variations induced

by Rossby and Kelvin waves are considered essential to understand the basic

physics of the IOD phenomenon (e.g., Xie et al., 2002; Rao et al., 2002; Feng

and Meyers, 2003; Yu et al., 2005; Yuan and Liu, 2009; Trenary and Han, 2012;

McPhaden and Nagura, 2014).

Palastanga et al. (2006) showed the IOD influencing the intensity and position
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of the tropical and subtropical gyres. In the positive phase of the IOD, the

subtropical gyre expands equatorward up to 5°S and the tropical gyre weakens;

in the negative phase, the tropical gyre intensifies and extends down to 15°S in

the central Indian Ocean. Although there is no mention about the SICC in their

work, one can imagine that these changes in the gyres during the IOD might

have important relations with the SICC variability.

Besides the IOD and ENSO, there are two other important climate modes

impacting the Indian Ocean: the Tropospheric Biennial Oscillation (TBO) and the

Subtropical Indian Ocean Dipole (SIOD) (e.g. Meehl and Arblaster, 2002; Behera

and Yamagata, 2001; Hermes and Reason, 2005; Tourre and White, 2003; Schott

et al., 2009). However, it is not clear whether ENSO, IOD, TBO and SIOD are

completely independent of each other, as extensively discussed in several papers

(e.g., Xie et al., 2002; Meehl and Arblaster, 2002; Shinoda et al., 2004; Bracco

et al., 2005; Hermes and Reason, 2005; Schott et al., 2009; Morioka et al., 2013;

Chakravorty et al., 2014). For example, the TBO is defined as the tendency for

a relatively strong monsoon year to be followed by a weak one, and vice versa

(Meehl and Arblaster, 2002). Saji et al. (1999) and Webster et al. (1999), in their

first descriptions of the IOD mode, found that the surface dipole depends on the

state of the system set up by the monsoonal circulation, with the IOD presenting

a biennial characteristic. This characteristic two-year time scale has also been

found in several other studies associated with the IOD (Rao et al., 2002; Feng

and Meyers, 2003; Tourre and White, 2003; McPhaden and Nagura, 2014).

Instead of one prominent two year signal, Sakova et al. (2006) identified in the

SSH two distinct spectral peaks, one peak at a period around 18-20 months, and

another with a 3 yr period. The 18-20 months peak presents a zonally elongated,

narrow maximum at 23°S-24°S and between 65°E and 98°E, the same region

dominated by the SICC system (Menezes et al., 2014a).

In the present paper, the SICC variability across interannual time scales is
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thoroughly investigated. To the best of our knowledge this is the first study

dedicated to understand the SICC variability beyond the seasonal cycle, which

is possible due to the higher spatial resolution datasets with relatively long

time series now available. Additionally, we examine the statistical relationship

between the SICC and the EKE.

We find that the quasi-biennial band dominates the interannual variability of

the SICC and the EKE. The SICC quasi-biennial signal exhibits interannual and

decadal-type modulations. We also identify two main configurations of the

SICC multiple jet structure within the quasi-biennial band. One pattern is

characterized by a robust northern jet while in the other pattern the central jet

is well developed. In both patterns, the southern jet has a strong signature. The

quasi-biennial signal propagates westward with phase speeds characteristic of

Rossby waves. Interestingly, the observed quasi-biennial Rossby wave is 2 to 5

times faster than that predicted by the linear Rossby wave theory in the southern

SICC jet domain. Our brief analysis demonstrates the importance of taking into

account the SICC presence to fully understand the Rossby wave characteristics

in the South Indian Ocean.

This paper is organized as follows. A brief description of the four datasets used

here and some ancillary data is presented in Section 5.2. In Section 5.3, the time

scales of the interannual variability are obtained by Singular Spectrum Analysis.

The study of the quasi-biennial band is done using wavelets and is presented in

Section 5.4. The interannual and decadal-type modulations of the quasi-biennial

band is described in Section 5.5. Section 5.6 discusses the limitations of the

SODA reanalysis before the 1960's in the subtropical South Indian Ocean. The

statistical relationship between the SICC and the EKE is characterized in Section

5.7 by cross-wavelet and wavelet coherence analyses. A short study of the

quasi-biennial Rossby wave is presented in Section 5.8, and the SICC multiple jet

structure in Section 5.9. Finally, Section 5.10 provides a summary of the main

results of this work.
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5.2. Data Sets

5.2.1. Altimetry

Gridded sea surface height anomaly (SSHA) data distributed by AVISO (Archiv-

ing, Validation and Interpretation of Satellite Oceanographic data) covering the

period between January 1993 and December 2012 are used. These data belong

to the delayed time, reference series, merged product version 3. This product

is based on a combination of two altimetry satellites from a set of missions

(ERS1&2, Geosat Follow On, Topex/Poseidon, Jason-1&2, Envisat and Cryosat-

2).

Although the satellite combination has changed with time, since no mission has

operated during for the entire altimeter era, the merged reference series product

constitutes the most homogeneous possible long-term SSHA multi-satellite data.

In this version, the SSHA are relative to a 7 year mean (1993-1999), and fields

have a 1/3° horizontal resolution at weekly time steps (Ducet et al., 2000). The

original dataset has been bi-linearly interpolated to a 0.25°× 0.25° grid and

monthly means have been computed to be consistent with the reanalysis and

model outputs described below. Absolute SSH fields were computed as usual

SSH = SSHA +MDT , where the absolute mean dynamic topography (MDT) is

the VM08-HR referenced to the time period 1993-1999 and linearly interpolated

to 0.25° grid (Vianna and Menezes, 2010; Menezes et al., 2014a). Geostrophic

velocities were derived from the SSH using the geostrophic equation. The EKE

fields were computed as EKE = 0.5(u′2 + v′2), where u′ and v′ are the anomaly

velocities fields in relation to the long term time-average.
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5.2.2. GLORYS2 Reanalysis

The Mercator GLORYS2V3 (GLobal Ocean ReanalYses and Simulations) eddy

permitting reanalysis covers the period between January 1993 and December

2012, being available through the MyOcean project (Ifremer, 2013). The

GLORYS2V3 is composed of monthly means of temperature, salinity, currents,

SSH, and sea ice parameters at 0.25° horizontal resolution with 75 vertical

levels. GLORYS2V3 is based on the NEMO (Nucleus for European Modelling of

the Ocean) v.3.1 model using the ORCA025 configuration, and forced by the

ECMWF (European Center for Medium range Weather Forecasting) ERA-Interim

atmospheric reanalysis (Ferry et al., 2012). Assimilated observations are satellite

SST (Sea Surface Temperature), altimetry SSH, sea ice concentration, and in situ

temperature and salinity vertical profiles from CORA (COriolis ocean database

for ReAnalysis) v3.3 data base, which includes Argo profiling floats and mooring

arrays. For details about the GLORYS2V3, such as the assimilation scheme and

validation, see Ferry et al. (2012) and Masina et al. (2013). The EKE fields for

each vertical level have been computed from the velocity fields.

5.2.3. SODA Reanalysis

We use the version 2.2.4 from SODA ocean reanalysis spanning the period

January 1871 to December 2010 (Carton and Giese, 2008). This version is based

on the Parallel Ocean Program (POP) model version 2.0.1 forced by the 20th

Century Atmospheric Reanalysis product (20CRv2) (Compo et al., 2011). The

original fields have average resolution of 0.25°× 0.4°× 40- vertical levels. SODA

2.2.4 assimilates hydrography and satellite SST observations, without including

any altimetry or tide gauge data in the assimilation (Giese and Ray, 2011). In

this version, the assimilated bathythermograph data are corrected for the fall rate

error (see Carton and Giese, 2008; Giese and Ray, 2011, for details). Original

fields are averaged every 5 days, and then mapped onto a uniform grid with
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0.5° horizontal resolution. Temperature, salinity, SSH, currents and wind stress

fields are available as monthly means. The respective EKE fields have also been

computed for SODA. An overview of SODA framework can be found in Carton

and Giese (2008) and details about version 2.2.4 in Giese and Ray (2011).

5.2.4. OFAM3 Model

The OFAM (Ocean Forecasting Australia Model), an eddy resolving model based

on MOM (Modular Ocean Model), was developed under the Bluelink project,

a partnership between the CSIRO (Commonwealth Scientific and Industrial

Research Organisation), the Australian Bureau of Meteorology, and the Royal

Australian Navy (Oke et al., 2013; Schiller and Ridgway, 2013, and references

therein). The version 3 used here, called OFAM3, is forced by the ECMWF ERA-

Interim atmospheric reanalysis, and is available for the period between January

1993 and December 2010. OFAM3 has a 1/10° horizontal resolution with 51

vertical levels (Oke et al., 2013; Schiller and Ridgway, 2013). In the present

work, only monthly means are used. EKE fields have also been computed for

OFAM3. Comparisons with observations have shown that OFAM3 reproduces

relatively well the main features of the upper ocean circulation, mixed layer

depths, El Niño indices and volume transports through key straits such as the

Drake Passage and ITF (Oke et al., 2013; Schiller and Ridgway, 2013).

5.2.5. Ancillary Data

5.2.5.1. Fremantle Tide Gauge

Monthly mean sea level (sl) data from the Fremantle tide gauge station

(32.066°S; 115.748°E) have been used. These data are available through the

Permanent Service for Mean Sea Level (PSMSL), spanning the period between

January 1897 to December 2013. They belong to the RLR (Revised Local
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Reference) dataset and have 92% of good data (data that passed all PSMSL

quality control procedures). The missing data were interpolated as in Vianna and

Menezes (2013). We corrected the sl data for the glacial isostatic adjustment

(Peltier, 2004) and for the inverted barometer effects using the Hadley Centre

Sea Level Pressure data set (Allan and Ansell, 2006).

5.2.5.2. 20CRv2 Reanalysis

The 20CRv2 reanalysis assimilates only surface pressure observations and

uses SST and sea ice distribution as boundary conditions within an ensemble

Kalman filter (56 members). The mean of the ensemble members for each

20CRv2 variable is the analysis and its standard deviation (called spread) is an

uncertainty estimate of that analysis (see Compo et al., 2011, for a complete

description). In a broad sense, the ensemble standard deviation decreases as the

atmospheric observational data density increases (Compo et al., 2011). Thus,

we use the ensemble standard deviation of the zonal wind speed at 10 meters

as a indicative of the atmospheric data density in the South Indian Ocean. This

dataset is available from the NOAA ESRL/PSD (National Oceanic and Atmospheric

Administration Earth System Research Laboratory/Physical Sciences Division). It

is composed of monthly mean fields over the period January 1871- December

2012 with a grid resolution of 2°× 2°. To have a dimensionless quantity, the zonal

wind speed spread fields are normalized by the temporal standard deviation of

the zonal wind speed at each grid point.

5.3. Time Scales of Interannual Variability

The zonal component u of either velocity or volume transport is used to study

the SICC variability, since the SICC is mostly zonal. For the altimetry data,

we use the absolute geostrophic zonal velocity calculated from SSH fields, as
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explained in Section 5.2.1. For the GLORYS, SODA, and OFAM3 data, we use the

zonal transport defined as the vertically integrated zonal velocity from the ocean

surface to 200 m depth. Zonal transports are used in these datasets because

their zonal velocity fields at the sea surface are dominated by westward Ekman

currents. We chose 200 m depth to compute the transports because the SICC

is a shallow current confined to the upper 300 m in the long term time-average

(Menezes et al., 2014a), although it is slightly shallower in SODA (≈ 200 m) (not

shown). To have a better understanding of how the SICC system is represented

in the four datasets, we first evaluate the time-average fields.

5.3.1. SICC Representation in the Time-average Fields

In the long term time-average fields, all datasets reveal similar patterns (Figure

5.2). In the tropical region, the eastward flow band is dominated by the South

Equatorial Countercurrent (SECC) and the South Java Current (SJC), while the

westward flow band between 10°S and 20°S corresponds to the South Equatorial

Current (SEC). In the subtropical region, between 20°S and 30°S, the SICC

system dominates the eastward flow band. East of 100°E, roughly around 15°S,

all datasets depict the tropical EGC. In the western basin between 35°S and

40°S, a partial signature of the Agulhas Return Current can be seen. Although

the patterns are similar, the equatorial currents in SODA are stronger, while

the SICC is weaker. This might be related to the long time period covered by

SODA, and its lower spatial resolution (0.5°). The mean SICC jets described by

Menezes et al. (2014a) based on Argo climatological atlases are well reproduced

in OFAM3, altimetry and GLORYS (Figure 5.2). The signature of the stronger

southern jet around 26°S can be seen in all datasets. In SODA, however, the

signature can be traced only up to 80°E. In OFAM3, the SICC jets are clearly

separated by weak westward flows, which may be related to the much higher

spatial resolution of the OFAM3 (0.1°), probably having the capability of capturing
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Figure 5.2.: Long-term time average of zonal component (u) from altimetry (a),

GLORYS (b), OFAM3 (c) and SODA (d) datasets. (a): u refers to
the absolute geostrophic velocities (cm/s). (b,c,d): u is the zonal

transport 0/200 m (m2/s). Black boxes show the SICC domain.

Time intervals of the average fields are indicated in the upper right

corner of each map.

fine structures of the SICC system not obtainable by coarse-grained datasets.

The pattern from OFAM3 seems to match quite well the alternating zonal jets

(stronger eastward and weaker westward returning flows) obtained by theories

of beta-plane turbulence-generated wave-mean flow interactions, a major result

in the present research frontier in geophysical fluid dynamics (e.g., Scott and

Dritschel, 2012, and references therein).

The spatial correlations are evaluated as described in Vianna and Menezes

(2010). Basically, two time-average fields from different datasets e.g. GLORYS

and OFAM3 are expanded into two Empirical Orthogonal Function (EOF) modes.
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A measure of the spatial correlation between them is given by the first EOF mode

through its maximum total variance, while the second mode gives the residual

maps. For these comparisons, the average fields from altimeter, GLORYS,

OFAM3 and SODA have been standardized (zero mean, unit standard deviation),

with OFAM3 and SODA bi-linearly interpolated onto the GLORYS/altimetry grid

(0.25°× 0.25°). Using the same method, the spatial correlation of the ensemble

formed by the four datasets have also been evaluated. Visual inspection of Figure

5.2 indicates that the altimeter map differs from the other maps mostly north of

10°S. This difference may be reflecting the fact the variables are not quite equal.

The altimeter gives the absolute zonal geostrophic currents, while the other

datasets give the zonal transports 0/200 m computed from total zonal velocities.

Because of this, two different evaluations are made, one for the full area from

5°N to 40°S and the other for the region south of 10°S. For the full area, the

ensemble has a covariance around 73%, while the covariance reaches 83% in the

subset south of 10°S (Table 5.1). The covariances between two datasets are also

always higher for the subset region (84%-94%), when compared with the full

area (70%-90%). The altimeter has covariances with the other data around 70%

for the full area, and around 85% south of 10°S. The highest correlation is found

between GLORYS and OFAM3 (around 94%). This result indicates that OFAM3 is

reproducing relatively well the mean circulation of the subtropical Indian Ocean,

even without any data assimilation.

5.3.2. Interannual Variability

To filter the interannual signal we are interested in, Singular Spectrum Analysis

(SSA) associated with Maximum Entropy Method (MEM) are used to project

the u fields between 5°N-40°S and 20°E-140°E into subjectively chosen non-

overlapping temporal band-limited components as done by Menezes et al.

(2014b). SSA is a well-known data-adaptive method which is very efficient for
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Table 5.1.: Comparison between long term time-average zonal currents from

altimeter, GLORYS, OFAM3 and SODA datasets in the South Indian

Ocean. Values are the explained variance (%) of the leading EOF

mode, which is a measure of the spatial correlation between two

or more datasets (ensemble). Columns 1 to 4 show the statistics

for the region between 5°N-40°S and columns 5 to 8 the respective

statistics for the region south of 10°S. Last row shows the ensemble

covariance. The ensemble is formed by altimeter, GLORYS, OFAM3

and SODA datasets.

SIO 10°S-40°S

altimeter GLORYS OFAM3 SODA altimeter GLORYS OFAM3 SODA

altimeter - 70.9 73.8 70.4 - 85.0 85.1 84.1

GLORYS 70.9 - 89.7 89.7 85.0 - 90.8

OFAM3 73.8 89.7 - 90.3 85.1 93.8 - 92.8

SODA 70.4 89.7 90.3 - 84.1 90.8 92.8 -

ensemble 73.3 83.1

analysing short, noisy time series containing modulated oscillations and trends.

It is based on an extended lag covariance matrix and a free windowing parameter

M (see the review by Ghil et al., 2002, for general properties of SSA and MEM).

Prior to the analysis, the temporal anomalies u′ are computed independently for

each dataset as u′(t) = u(t)−u, where u(t) is the zonal velocity/transport in month

t and u is the long term time-average for the dataset period length as shown in

Figure 5.2. In brief, first an u′ dataset (altimetry, GLORYS, SODA, OFAM3) is

expanded into a number of EOF necessary to account for 99% of the u′ variance,

reducing the computational time. Then, the principal components PCi(t) are

decomposed by SSA into a number K of Reconstructed Modes (RCk(t)). To

obtain RCs characterized by one spectral peak, common practice suggests a

window size of M ≈ N/3, where N is the time series length (Ghil et al.,

2002). Here, we use M = N/3 and K has been chosen to explain 99%

of variance of PCi(t). The M choice is not critical in this particular analysis

because we select all RCs from a specific time period band. Note, however,
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that it is possible that some energy leakage may occur for periods very close

to the period-band boundaries (see Vianna and Menezes, 2013, supplementary

material for a discussion on this issue). To estimate the dominant time period

Tk that characterizes a typical RC
k(t), a MEM analysis is performed. Band-

limited PCJs
i (t) are obtained as PCJs

i (t) =
∑

TkεJs

RC
Tk
i , where J represents a

period band (J=[J1 . . . Js]). The J band-limited components are reconstructed

as usual: gJs(x, t) =
N∑
i=1

PCJs
i (t)EOFi(x), where x is the grid point (Lat,Lon)

and EOFi(x) is the spatial pattern of the EOF mode expansion. The explained

variance for each Js band is calculated automatically from SSA and EOF outputs.

Hereafter, we refer to this variance as the global explained variance.

In the present work, the u′ datasets are projected into five period bands,

following Tourre and White (2003), for interannual variabilities. The period bands

J are defined and labelled as: up to annual (T < 1.2 years), a quasi-biennial band

(QB) (1.2 ≤ T < 3 years) enclosing the spectral peak between 18-20 months

described by Sakova et al. (2006), plus ENSO (3 ≤ T < 7 years), quasi-decadal

(QD) (7 ≤ T < 10 years) and a trend band (T ≥ 10 years). Filtered u′ datasets

for T ≥ 1.2 years were also reconstructed from SSA. Hereafter, we refer to these

reconstructions as the low frequency band (ulf ).

To determine the variance of each interannual band in relation to the low

frequency variability, the ratios rvar = σ2(gJs)/σ2(ulf ) are computed at each

grid point, where σ2(gJs) is the temporal variance of the Js band-limited dataset

and σ2(ulf ) is the temporal variance of the low frequency band. These ratios

are multiplied by 100 to give the percent of relative variance explained by each

interannual period band. We call these relative variances as local variances, to

differentiate from those obtained from the SSA/EOF.

The highest standard deviations in the low frequency band (strong u′ variabilities)

are found in the SICC region, the SECC, Mozambique Channel, Agulhas and
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Figure 5.3.: Temporal standard deviation σ of the zonal transports 0/200 m in

the low frequency band (T≥ 1.2 yr) for GLORYS (1993-2012) and

OFAM3 (1993-2010). Black boxes show the SICC domain.

Table 5.2.: Local variances (%) explained by the low-frequency band (T ≥ 1.2
years) in the SICC domain. Second (third) columm is the average

µ (standard deviation σ) of the variances in the region 20°S-30°S;
50°E-110°E.

µ σ

altimeter 24.51 1.55

GLORYS 24.55 1.27

OFAM3 26.52 2.58

SODA 37.44 2.19

Agulhas Return Current (≈ 40°S) (Figure 5.3). The patterns shown in Figure 5.3

for OFAM3 and GLORYS look similar to the altimetry and SODA datasets, although

in SODA the variability is stronger in the SECC and weaker in the subtropical SICC

and Agulhas system (not shown). The low frequency band explains around 25%

of the SICC variability in the altimetry, GLORYS and OFAM3 datasets (Table 5.2).

In SODA, the low-frequency band accounts for 37% of the SICC variability, which

might be related to the fact that SODA underestimates the mesoscale in the SICC

region (see Section 5.7).

The u′ low frequency variability in the South Indian Ocean is dominated by the
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Table 5.3.: Global variance (%) explained by the u′ and EKE (brackets) band-
limited datasets. Total variance (last row) is the sum of the band-

limited datasets variances.

Period (years) altimeter GLORYS OFAM3 SODA

up to annual T < 1.2 76.7 [80.6] 74.8 [78.5] 75.1 [77.6] 69.2 [74.5]

QB 1.2 ≤ T < 3.0 13.4 [10.7] 14.1 [11.5] 13.9 [11.3] 13.1 [11.4]

ENSO 3.0 ≤ T < 7.0 5.1 [ 4.4] 5.6 [ 5.3] 5.6 [ 5.2] 6.2 [ 4.6]

QD 7.0 ≤ T < 10.0 1.3 [ 1.0] 1.7 [ 1.2] 1.2 [ 1.3] 2.0 [ 1.3]

TREND T ≥ 10 2.5 [ 2.3] 2.9 [ 2.5] 3.2 [ 3.5] 9.0 [ 7.0]

total var 99.0 [99.0] 99.1 [99.0] 99.0 [98.9] 98.8 [99.5]

QB band (1.2 ≤ T < 3 years) (Table 5.3). The QB band explains around 13-14%

of the global variance in all datasets, while the ENSO band (3 ≤ T < 7 years)

accounts for 5-6%. The variance for periods greater than 10 years is greatest in

SODA, probably because SODA is able to capture decadal to multidecadal signals

due to the long time period covered by this reanalysis (more than 100 years).

Note that the total variance in Table 5.3 do not add up to 100% because in the

period band decomposition we selected the EOF and RC modes necessary to

account for 99% of the respective variance.

In most regions of the SIO including the SICC domain, the QB predominates

over other interannual bands (Figure 5.4). Note that the explained variance in

this figure is the local variance (rvar) and not the global variance as in Table

5.3. Since the spatial distribution of the variance of the band-limited datasets

resembles that shown in Figure 5.3, the rvar maps do not present strong spatial

differences. In altimetry and OFAM3, the QB band explains more of the low-

frequency variance (rvar > 65%) in the tropical belt (12°S -0°). In the SICC

domain (black boxes in Figure 5.4), the QB band accounts for an interval between

40% and 70% of the low frequency variance depending on the dataset, with

average values varying from 49% (SODA) through 57% (OFAM3) (Table 5.4). In

the SICC, the ENSO band accounts for an interval between 18% and 22%.
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Figure 5.4.: Local variances explained by the band-limited datasets for altimetry

(first row), GLORYS (second row), OFAM3 (third row) and SODA

(fourth row). The maps show the percent of local variances at each

grid point relative to the respective low frequency band. Black boxes

show the SICC domain. First column refers to the QB-band, second

column to the ENSO band and third column to the QD band.
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Table 5.4.: Local variances (%) for the u′ and EKE interannual band-limited
datasets in the SICC domain. Values outside brackets are the

averages of the variances in the region 20°S-30°S; 50°E-110°E. In

brackets, the respective standard deviations.

QB (1.2 ≤ T < 3.0 yr) ENSO (3.0 ≤ T < 7.0 yr) QD (7.0 ≤ T < 10.0 yr)

u′ EKE u′ EKE u′ EKE

altimeter 56.79 [2.00] 52.04 [11.10] 18.20 [1.73] 19.58 [7.46] 3.19 [0.44] 2.44 [1.99]

GLORYS 57.15 [2.13] 52.84 [11.24] 18.62 [2.11] 19.81 [8.14] 3.21 [0.45] 2.18 [1.68]

OFAM3 54.48 [2.80] 53.34 [11.24] 18.69 [2.30] 18.22 [7.49] 2.01 [0.38] 2.98 [2.17]

SODA 49.21 [2.24] 29.03 [ 5.70] 22.08 [1.17] 14.96 [4.11] 3.28 [0.25] 2.35 [1.49]

Hereafter, we focus our analysis on the QB band because of this band dominates

the SICC interannual variability.

5.4. Quasi-Biennial Signal

The u′ QB band is characterized by modulated signals with slight changes in

frequency over time in all datasets analysed here. For example, Figure 5.5 shows

two u′ QB time series in the SICC region from SODA. The amplitudes in the QB

band before the 1960's are clearly much lower than in the decades after (see

Section 5.6 for a discussion about this). There are periods where the amplitudes

are very low (as during 1990's) or very high (as during the 1980's and 2000's).

We use a wavelet analysis to better determine the temporal structure of the QB

signal in the SICC domain. The wavelet technique is a common tool used to study

complex signals that contain discontinuities, intermittency or non-stationary

behaviour such as that shown in Figure 5.5 (e.g. Torrence and Compo, 1998;

Grinsted et al., 2004; Domingues et al., 2005, and references therein). Broadly

speaking, the idea of the wavelet analysis is to decompose the signal into a

time-frequency space, identify the dominant modes of variability and how these

modes vary with time (Jevrejeva et al., 2003). We first present the wavelet
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analysis and its jargon for readers that are not used to wavelets and then the

results obtained from this analysis.

5.4.1. Wavelet Setting

In the present work, a continuous wavelet transform is performed using a Morlet

mother wavelet under the framework developed by Torrence and Compo (1998).

The wavelet parameters were set as follows: central frequency (ω0 = 6), spacing

between discrete scales (δj = 0.25), a start scale (s0) of 6 months since the

smallest time scale of the QB band-limited datasets is 1.2 yr, and 29 scales

ranging from 0.52 yr up to 66.1 yr. According to Grinsted et al. (2004), a

Morlet basis with ω0 = 6 is a good choice for feature extraction purposes since it

provides a good trade-off between time and frequency location. We have tested

different sets of parameters such as increasing the number scales and changing

s0. With the results being practically identical between the experiments (not

shown), we chose the parameters which give the faster computational time.

The wavelet power spectrum (WPS) can be obtained directly from the wavelet

transform as WPSn(s) = |Wn(s)|2, where Wn(s) is the wavelet transform, n is

the time index and s is the wavelet scale (Torrence and Compo, 1998). Liu

et al. (2007), however, showed that this traditional wavelet power spectrum

is biased in favour of lower frequencies when compared to the Fourier power

spectrum. The rectification proposed by the latter authors to mitigate this

bias has been used in the present work, although qualitatively the information

retrieved from the traditional and rectified spectra are very similar in our case.

Nevertheless, the rectified spectra resemble the MEM power spectra in terms

of energy distribution between peaks (not shown). The wavelet scales s are

converted to Fourier periods (T ) as T = 1.03s (Torrence and Compo, 1998;

Grinsted et al., 2004), and statistical tests are performed against a red noise

modelled by a first autoregressive (AR1) process with a lag-1 coefficient α = 0.95,
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Figure 5.5.: Quasi-biennial band-limited time series of the zonal transports

0/200 m averaged in the SICC region (25°S-30°S) from SODA. (a):

western sub-basin (averaged between 50°E-70°E). (b) eastern sub-

basin (averaged between 90°E-110°E).

with α being estimated from the times series following Allen and Smith (1996).

Details about statistical significance testing in wavelet analysis can be found e.g.

in Torrence and Compo (1998) and Grinsted et al. (2004).

Instead of performing a wavelet analysis in each grid point of the domain, we

first did a latitudinal average the u′-QB band in the SICC domain. This procedure

was used to reduce the computational time and make easier the interpretation of

the wavelet outputs. Two subsets were constructed for the wavelet analysis. The

first subset, averaged between 20°S and 25°S, encloses the northern and central

SICC jets. The second subset averaged between 25°S and 30°S represents the

southern SICC jet. Both subsets extend from 50°E to 110°E. For each longitude

in these strips, an individual wavelet analysis is done. For these analyses, all

time series are standardized (zero mean, unit standard deviation).

5.4.2. Wavelet Results

Broadly speaking, the u′-QB band in the SICC domain is characterized by two

spectral peaks: a stronger and well-defined peak around 1.5-1.8 yr is found
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in all datasets, while a secondary (weaker) peak roughly at 2.5 yr appears in

GLORYS and altimeter. The 2.5 yr peak occurs mostly in the western sub-basin

(west of 80°E). The distinction between the two peaks is clearer in the GLORYS

reanalysis, as will be presented in detail below.

5.4.2.1. Average Spectra

Figure 5.6 shows the global wavelet spectra averaged over all longitudes between

50°E and 110°E for the 20°S-25°S and 25°S-30°S belts, respectively. The so-

called global wavelet spectrum is the time-average of the local spectrum, being

computed as GWPS(s) =
1

N

n∑
n=1

WPSn(s). The GWPS can be thought as an

equivalent to a smoothed-version of the well-known Fourier spectrum (Torrence

and Compo, 1998; Liu et al., 2007).

The longitude-averaged GWPS from OFAM3 and SODA do not show two distinct

peaks, but show instead a wider band centred about 1.5-1.8 yr. The altimeter

and GLORYS, on the other hand, point out the existence of a secondary peak

around 2.5 yr mainly appearing on the 20°S-25°S belt. The agreement between

altimeter and GLORYS is not a surprise, since GLORYS assimilates altimetry

data. The secondary peak, however, is only statistically significant at 90% in

the GLORYS reanalysis. In Figure 5.6, for the altimeter and GLORYS there is

no noteworthy difference in the power between the two latitudinal belts, while

in OFAM3 and SODA the northern belt has higher energy (variance) at 1.5-1.8

yr peak as compared to southern ones. The fact that OFAM3 and SODA do not

present a peak around 2.5 yr at the GWPS, does not imply that this peak does

not occur in the local wavelet power spectra of these datasets. It only means

that the peak is not robust on the time-average GWPS. Indeed, we can identify

a secondary peak around 2.1 yr in the local wavelet power spectra in both OFAM3

and SODA as will be shown latter in this section.

An overview of the normalized GWPS at each longitudes (Figure 5.7) indicates
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Figure 5.6.: Global wavelet power spectra of the u′-QB band in the SICC region
averaged over all longitudes between 50°E and 110°E. Blue (red)

curve is for the 20°S-25°S (25°S-30°S) belt. Dashed curves are

the respective 90% confidence level. The regions of the spectra

above the dashed curves are statistically significant. To enhance the

respective spectral peaks, the vertical axes have different scales.

that the peak centred around 2.5 yr is mostly found in the western sub-basin

(west of 80°E), although it is not always statistically significant at the 90% level,

except in GLORYS. Normalized wavelet power spectrum refers to the spectrum

with normalization by 1/σ2, where σ2 is the variance of the original time series.

The main peak around 1.5-1.8 yr is found over all longitudes, being statistically

significant at 90%. Remarkable differences are found between the GWPS of the

four datasets (Figure 5.7). As expected, SODA has the lower energy spectra and

OFAM3 has the most energetic ones (high variance). In general, the peaks at

each longitude in GLORYS and altimeter are sharper than in OFAM3 and SODA.

Why OFAM3 and SODA do not present two separate peaks at the GWPS is still to

be investigated. In the western sub-basin, GLORYS shows a clearer distinction



Chapter 5. Interannual Variability in the South Indian Countercurrent:

Dominance of the Quasi-Biennial Band 175

between the 1.5-1.8 yr and 2.5 yr spectral peaks especially in the 20°S-25°S

belt (not shown).

Besides the differences between the datasets, each GWPS shows a considerable

longitudinal variation in energy. The spectra are characterized by localized

energetic blobs. For example, in OFAM3 there is a high energy blob between 70°E

and 80°E in both 20°S-25°S (not shown) and 25°S-30°S (≈ 1.7-2.1 yr) belts.

Relatively high energy blobs in this region are also found in GLORYS, altimeter,

and SODA. Menezes et al. (2014a) have described that the first bifurcation of

the SICC, where it splits into the southern and northern jets, occurs just on the

Central Indian Ocean Ridge (65°E-68°E) in the long term time average. Another

major bifurcation between the southern and central jets occurs around 78°E, and

splitting/merging are observed around 90°E, 95°and 105°E. The highly energetic

blobs in our GWPS spectra are roughly centred at these longitudes mainly in

OFAM3, GLORYS and altimeter, which is suggestive that they may be associated

with variabilities in the bifurcations of the SICC in the QB band. We will return

to this subject later in Section 5.9 where we describe the SICC multiple jets in

the QB band. In general, within a dataset the normalized GWPS spectra for the

20°S-25°S belt (not shown) resemble the 25°S-30°S ones (Figure 5.7).

5.4.2.2. Local Spectra

To better characterize the temporal behaviour of the 1.5-1.8 yr and 2.5 yr spectral

peaks, the local wavelet power spectra at 55°E, 85°E and 105°E were extracted

from GLORYS (Figure 5.8). Notice that the local wavelet spectra indicate that

the energy leakage is negligible for periods close to the boundaries within the

SSA-filtered QB band, i.e., the variance is lower for periods greater than 3 yr

(white in Figure 5.8).

In Figure 5.8, the vertical axis is reversed in relation to a classical wavelet power

spectrum plot and similarly the Cone of Influence (COI). The COI is the region
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Figure 5.7.: Normalized global wavelet power spectra of the u′-QB band along
the longitudes for the 25°S-30°S belt. Colours are the wavelet

variance (power) normalized by the variance of the original time

series (1/σ2). Black contour in each panel are the 90% confidence

level. The areas below the black contours are statistically significant.

Vertical axes (periods in years) are in logarithmic scale.
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Figure 5.8.: Normalized local wavelet power spectral of the u′-QB band from
GLORYS at 55°E, 85°E and 105°E for the 20°S-25°S (upper row)

and 25°S-30°S (lower) belts. Vertical axes (periods in years) are

in logarithmic scale. Black contours are the 90% confidence level.

The areas between the black contours are statistically significant.

Gray contours show the respective Cone of Influence. Areas inside

the COI (i.e. outside the gray curve) must be interpreted cautiously

due to the edge effects. Colours are the wavelet variances (power)

normalized by the variance of the original time series (1/σ2).

of the wavelet spectrum where the edge effects become important (Torrence and

Compo, 1998; Grinsted et al., 2004). The so-called edge effects arise from the

fact that the continuous wavelet transform is normally done in Fourier space,

which gives a faster computational time. The Fourier transform assumes the

data is cyclic, but the time series we are dealing with are finite-length (Torrence

and Compo, 1998; Liu et al., 2007; Grinsted et al., 2004). There are several

schemes to extend these time series, but in the Torrence and Compo (1998)

framework the zero-padding is used.

At 55°E, two spectral peaks can be identified in Figure 5.8. The 1.5 yr peak
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dominates from 1994 to 2005, with two maxima in variance: one in 1995-1996

and another in 2002-2004. From 2005 onwards, the 2.5 yr peak dominates.

This pattern is not observed at 85°E or 105°E although the WPS of 20°E-25°S

suggest that the u′ QB period increases from 1.5 yr to 1.8-2.5 yr after 2010.

However, these increasing in period may be due to edge effects since it is inside

the COI.

5.4.2.3. Most Frequent Spectral Peaks

In addition, the most frequently occurring peaks in each dataset have been

determined from the local wavelet power spectra. Only the regions in the

spectra outside the COI and higher than 5% statistical significance have been

considered. For each time step, the peak is the maximum in the local wavelet

power spectrum, if a maximum exists. Table 5.5 shows the first four peaks in

order of occurrence for all datasets (upper and middle parts). The most frequent

peak is the 1.5 yr (altimeter, GLORYS and SODA) and 1.8 yr in OFAM3. The 2.5

yr peak only appears as the third most frequent peak in GLORYS. In OFAM3 and

SODA, the peak around 2.1 yr is more frequent than the 2.5 yr. In the altimeter

data, the 2.5 yr peak appears at the 20°S-25°S belt and the 2.1 yr at the 25°-

30°S.

To verify whether the peak around 2.1 yr in SODA and OFAM3 is also mostly found

in the western sub-basin such as the 2.5 yr peak in GLORYS, the frequency of

both 2.1 yr and 2.5 yr peaks were computed for each sub-basin (Table 5.5, lower

part). As suspected, we find that the peak around 2.1 yr in OFAM3 and SODA is

more prominent in the western sub-basin (west of 80°E).
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Table 5.5.: Most frequent peaks occurring in the wavelet power spectra in the

20°S-25°S belt (upper) and 25°S-30°S belt (middle) for altimeter,

GLORYS, OFAM3 and SODA. In the upper and middle parts, values

outside the brackets are the peaks in years and the respective

occurrence as a percentage is in brackets. Lower part of the table

shows the percentage occurrence of the 2.1 yr and 2.5 yr peaks

by belts and by sub-basins. Only occurrences greater than 2% are

displayed. All percentages in this Table are relative to the total

number of observations.

peak #1 peak #2 peak #3 peak #4

20°S-25°S

altimeter 1.5 yr [51.04%] 1.3 yr [25.07%] 1.8 yr [ 9.63%] 2.5 yr [ 8.89%]

GLORYS 1.5 yr [42.67%] 1.3 yr [23.74%] 2.5 yr [16.89%] 1.8 yr [ 9.26%]

OFAM3 1.8 yr [28.79%] 2.1 yr [25.77%] 1.5 yr [21.68%] 1.3 yr [21.25%]

SODA 1.5 yr [30.71%] 1.8 yr [22.78%] 1.3 yr [19.99%] 2.1 yr [17.92%]

25°S-30°S

altimeter 1.5 yr [49.8%] 1.3 yr [27.4%] 2.1 yr [ 9.2%] 1.8 yr [ 7.1%]

GLORYS 1.5 yr [40.8%] 1.3 yr [27.6%] 2.5 yr [13.9%] 2.1 yr [ 8.5%]

OFAM3 1.8 yr [30.0%] 1.5 yr [29.1%] 1.3 yr [19.0%] 2.1 yr [18.7%]

SODA 1.5 yr [32.4%] 1.8 yr [21.3%] 1.3 yr [18.9%] 2.1 yr [17.0%]

20°S-25°S 25°S-30°S

western (≤ 80°E) eastern (> 80°E) western(≤ 80°E) eastern (> 80°E)

2.1 yr 2.5 yr 2.1 yr 2.5 yr 2.1 yr 2.5 yr 2.1 yr 2.5 yr

altimeter 3.6% 8.9% 5.0% 3.4% 4.2% 2.9%

GLORYS 3.2% 14.7% 3.2% 4.9% 9.8% 3.5% 4.1%

OFAM3 16.8% 8.9% 12.5% 6.2%

SODA 10.4% 3.7% 7.5% 4.5% 9.1% 5.2% 7.9% 4.8%
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5.5. Modulations of the QB band

As shown in Figure 5.5, the u′ QB band in the SICC domain is characterized

by modulated signals. To study in detail the long-term modulations of the QB

band, the so-called power Hovmöeller plot has been calculated. The power

Hovmöeller is a time-longitude diagram of wavelet variance built from the

scale-averaged wavelet power spectrum at each longitude. The scale-averaged

spectrum is the weighted sum of the wavelet power spectrum over scales s1

to s2

(
Wn

2
=
δjδt

Cδ

j2∑
j=j1

|Wn(sj)|2

sj
, where δt is the time series step and Cδ is the

reconstruction factor, constant for each wavelet function

)
(see e.g., Torrence and

Compo, 1998). In our scale-averaged spectra, s1=1.2 yr and s2=3 yr.

Since GLORYS and altimetry have similar spectral characteristics as shown in the

previous section, here we only use GLORYS, OFAM3 and SODA unless otherwise

specified. The power Hovmöeller for the 25°S-30°S belt is shown in Figure 5.9.

Note that these diagrams are not normalized spectra. In both GLORYS and

OFAM3, there are strong longitudinal variations in power as previously described.

The highest wavelet variances (> 7.2 m4/s2) are found west of 55°E in both

datasets, a region that is characterized by strong eddy activity associated with

the EMC in all time scales (e.g., Palastanga et al., 2006; Siedler et al., 2009).

Enhanced wavelet variances (4-4.8 m4/s2) are found between 70°E-75°E in

GLORYS and 70°E-85°E in OFAM3. This region is where the SICC is known to

bifurcate into jets. GLORYS shows a maximum between 90°E-95°E that does

not appear in OFAM3, while OFAM3 has more power around 110°E.

In the 20°S-25°S belt, the spatial patterns west of 85°E resemble those

described for 25°S-30°S for both GLORYS and OFAM3. However, noteworthy

differences between the two datasets are found in the eastern sub-basin in the

20°S-25°S belt (not shown). For instance, east of 85°E, the wavelet variances

are very small in GLORYS (< 0.8 m4/s2) and relatively high in OFAM3 (3-6
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Figure 5.9.: Upper row: Power Hovmöeller diagrams of the u′-QB band from
GLORYS (left) and OFAM3 (right) for the 25°S-30°S belt. Plot in the

far right shows the time series of wavelet variances averaged over

all longitudes (50°E-110°E). Lower row: time-averaged longitudinal

distribution of wavelet variance for GLORYS (left) and OFAM3 (right).

Blue (red) curves are used for GLORYS (OFAM3).

m4/s2). A close examination of the standard deviations of the u′ QB band

and also the EKE indicates that OFAM3 and altimetry have more energy in the

20°S-25°S belt than GLORYS, especially in the eastern sub-basin (not shown).

Different from other eastern boundary regions in the world, the southeast Indian

Ocean is characterized by high EKE and SSH variabilities, which are associated

with westward propagating eddies and planetary waves (e.g., Fang and Morrow,

2003; Siedler et al., 2006; Palastanga et al., 2007; Jia et al., 2011b,a, and

references therein). Fang and Morrow (2003) found three preferential locations

for warm-core eddy shedding in the eastern boundary based on altimetry data:
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20°S-21.5°S (≈ 33% of long-lived eddies), 24°S-26°S (≈ 33%) and 28°S-31°S

(11%). Thus, a decrease in energy from 25°S to 18°S is not expected from

the direct altimetry analyses. The decrease in energy from 25°S to 20°S

found in GLORYS may be related to the fact that GLORYS is only an eddy-

permitting reanalysis. This question around the eastern boundary energy in

GLORYS deserves a further specific investigation but it is outside the scope of

present paper.

The power Hovmöeller diagrams (Figure 5.9) show that in the regions of

enhanced wavelet variances, the interannual modulation of the u′ QB in GLORYS

and OFAM3 are different. For example, between 75°E and 85°E there are two

period ranges with higher wavelet variances in OFAM3: one between 1997-2002

and the other in 2005-2009. In GLORYS, the period ranges are shorter:

2000-2003 and 2006-2009. Near 90°E, maximum variance (> 6 m4/s2) in

GLORYS occurs in 2002-2005, while in OFAM3 the maximum variances are found

near 110°E in 2005-2008.

The longitudinal-averaged wavelet variances from both OFAM3 and GLORYS

suggest a decadal-type modulation of the u′ QB band (Figure 5.9, far right panel).

The highest variances are roughly in the middle of the time series (2000-2005).

Edge effects, however, reduce the wavelet power over a few years at the start

and end of the time series, as shown by the COIs e.g. in Figure 5.8. Based

on the short GLORYS and OFAM3 data, it is unclear whether this decadal-type

modulation is robust or not.

To further investigate the possible decadal modulation of the u′ QB band, SODA

is used. SODA has a long time series extending for more than 100-years.

Our analysis, however, has been limited to the period from 1960 onwards.

In the South Indian Ocean, the time series of several variables in SODA have

inhomogeneities in the variance as will be detailed in the next section.

The modulation of the u′ QB band in SODA, OFAM3 and GLORYS has appreciable
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differences for the 1993-2010 common period, especially at 20°S-25°S (Figures

5.10a and 5.10b). Despite the differences, all datasets indicate that the u′ QB

band at 25°S-30°S increases from low variances in the 1990 to high variances

roughly 1999-2003 and then decreases in variance after 2005. Thus, the

increase in variance in OFAM3 and GLORYS around 1990 seems to be true since

SODA wavelet analysis is not plagued by edge effects around 1990. However, the

steep decreases around 2010 might be due to edge effects considering that all

time series end near 2010. This decadal-type modulation can also be identified

in SODA for the period spanning 1971-1990 especially on the 20°S-25°S belt.

5.6. Limitations of SODA before the 1960's in the SICC region

A simple visual inspection of the SODA time series (Figure 5.5) indicates that

before the 1960's the amplitudes of the u′ QB band are much lower than in the

decades after that in the SICC region. This inhomogeneity also occurs in SSH

and in the EKE (not shown).

A quantitative analysis by wavelet corroborates with this visual impression.

The temporal distribution of the wavelet variance averaged over all longitudes

computed from the power Hovmöeller for u′ QB band clearly exhibits a jump in

variance around 1960 in the SICC region (Figure 5.10c). Similar analyses have

been done for the QB band of SSH and EKE. The jump in variance around 1960

is also identified in these variables. We did a similar analysis in the equatorial

region between 0°S and 5°S. In this case, no strong differences in the variances

are observed before and after the 1960's.

One possible reason for the variance inhomogeneity is the temporal coverage of

historical oceanic observations to constrain the model in the subtropical South

Indian Ocean (see for example Giese et al., 2011, their Figure 2). Another

possibility is the wind product used to force SODA. Recall that SODA is forced by
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Figure 5.10.: (a): Scaled-averaged wavelet variances of the u′-QB band

averaged between 50°E-110°E from SODA, OFAM3 and GLORYS

at the 20°S-25°S belt. (b): Same as (a) but the for 25°S-30°S

belt. Vertical axes (variances) in (a) and (b) are in logarithmic

scale. (c): Scaled-averaged wavelet variance of the u′-QB band
from SODA for the period between 1871 and 2010. (d): Same as

(c) but for the 20CRv2 wind stress curl. Orange shading shows the

normalized zonal wind speed spread averaged between 20°S-30°S

and 50°E-110°E, which is an inverse measure of the observational

data density. (e): sl′-QB band from the Fremantle tide gauge. (f):

Scaled-averaged wavelet variance for the Fremantle sl′-QB band.
Note different time periods in each panel.
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the 20CRv2 reanalysis.

We explore the idea that the inhomogeneity may be present in the wind product.

For this evaluation, we computed the curl of the 20CRv2 wind stress fields

available with SODA (curl(τ)= ∂τy/∂x−∂τx/∂y), and performed the same band-

period decomposition as we did for u′. The QB band for the curl(τ) explains

4.53% of the global variances, while the ENSO band accounts for 1.78%, the

QD (0.4%) and the trend band (3.14%). Most of variance for the curl(τ), is

explained by periods up to annual (89.1%). We averaged the curl(τ) QB band

for the 20°S-25°S and 25°S-30°S belts and performed a wavelet analysis in the

same way as we have done before. Figure 5.10d shows the longitudinal-averaged

wavelet variances obtained from the curl(τ) power Hovmöeller diagrams. We can

see that the variances of the curl(τ) QB band also have a steep increase from

1960's onward. We did a similar analysis in the equatorial region (0°- 5°S) but

there is no such increase there.

To complement this investigation, the sea level (sl) data from the Fremantle tide

gauge was analysed. The Fremantle station has a time series of more than 100

years (1897-2013), and is in the latitudinal band of the SICC domain. In this

case, the QB band accounts for 9.86% of the sl variability. A visual inspection of

the sl QB band from Fremantle does not indicate a remarkable shift in the time

series characteristics (Figure 5.10e). For example, compare Figure 5.5 (u′ SODA

QB band) to Figure 5.10e (sl′ QB band). A wavelet analysis for the Fremantle

sl′ QB band was performed in a similar way to that for the u′ and curl(τ). The

time series of the wavelet variances for the sl′ QB band is shown in Figure 5.10f.

There is no strong jump in variance around the 1960's. Instead, in this case, the

wavelet indicates a decrease in variance between the 1960's and 2000's. The

sl′ QB band also presents a clear decadal-type modulation, but with a different

period to that suggested by the u′-QB wavelet variance.

Since the 20CRv2 reanalysis might suffer from lack of historical atmospheric
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observations in the subtropical South Indian Ocean, we have plotted the

normalized wind speed spread in Figure 5.10d. The spread (standard deviation)

is a measure of the uncertainty of the reanalysis fields, which are strongly

influenced by the observational data density (Compo et al., 2011). Roughly, the

spread is inversely proportional to the data density. In Figure 5.10d, the time

series of normalized spread represents the spatial average in the region between

20°S-30°S and 50°E-110°E. Clearly, the uncertainty in the 20CRv2 wind fields in

the SICC region is much higher before the 1960's. After the 1960's, the spread

reduces considerably with time. We have plotted the spread in the equatorial

region (5°S-5°N), and no such jump exists there before/after 1960 (not shown).

The analyses above suggest that the increase in amplitudes of the curl(τ), SSH,

EKE and u′ in the QB band is probably due to limitations of the reanalysis products

in the subtropical South Indian Ocean, a region with a very few oceanic and

atmospheric observations prior to 1960. We stress that the SODA reanalysis

should be used cautiously in the subtropical South Indian Ocean in the period

between 1871 and 1960.

5.7. Relationship between the SICC and EKE

In the interannual time-scales, Jia et al. (2011a) have suggested that the SICC

is stronger in the periods when the EKE in the southeast Indian Ocean is high

and weaker otherwise. Based on a study in a restricted area of the eastern

basin, between 100°E and 110°E, these authors found the SICC interannual

signal leading the EKE by about 5 months.

To have a better understanding of the relationship between changes in the SICC

and the EKE, we conduct a thorough analysis of the four datasets across the

South Indian Ocean basin. For this purpose, a period-band decomposition was

performed for the EKE in a similar way as described in Section 5.3b. For GLORYS,
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SODA, and OFAM3, the EKE fields were averaged from the ocean surface to 200

m depth prior to the decomposition.

In the subtropical region, we find that SODA underestimates the EKE in general.

This underestimation is probably related to the low spatial resolution of SODA

limiting it capacity to resolve eddies in this region. The time average EKE in the

subtropics is much lower in SODA than in the other datasets. This is true even

when we compute the average for a common time period 1993-2010 (Figure

5.11). The root mean square differences between SODA and the other datasets

vary between 106.9 cm2/s2 and 180.7 cm2/s2 in the South Indian Ocean, with

a spatial correlation around 80% (Table 5.6). The spatial correlation here was

evaluated using the same EOF method as used in Section 5.3.1. Despite this

strong correlation, the high EKE signatures (> 350 cm2/s2) in the Mozambique

Channel, the EMC and the Leeuwin Current do not appear in SODA. The EKE is

also lower in the SICC domain (< 100 cm2/s2) when compared with the other

datasets (> 150 cm2/s2). For instance, the spatial average in the SICC region

between 20°S-30°S and 50°E-110°E is 50% lower in SODA (Table 5.6). Not only

the average but also the EKE temporal standard deviation is lower in SODA in

the subtropics (not shown). Therefore, the analysis in this section concentrates

on the altimetry, GLORYS and OFAM3 data.

The QB band explains most of the EKE interannual variability, accounting for

between 10.5% and 11.5% of the global variances (Table 5.3, values in the

brackets). In the SICC domain, the QB band explains around 52% of the local

variances (Table 5.4). Note, since most of the low frequency variance of u′ and

EKE is accounted for the QB band, the study of the relationship between these

variables is restricted to this band in the present paper.
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Table 5.6.: Comparison between the time-average EKE of altimeter, GLORYS,

OFAM3 and SODA in the South Indian Ocean for the period

1993-2010. exp var is the explained variance of the leading

EOF mode, which is a measure of the spatial correlation between

two datasets. rmsd is the respective centred root mean square

differences (cm2/s2). Values in brackets show the rmsd in the SICC

region, averaged between 20°S-30°S; 50°E-110°E. Last row shows

the spatial average of the EKE in the same region.

altimeter GLORYS OFAM3 SODA

exp var rmsd exp var rmsd exp var rmsd exp var rmsd

altimeter - - 85.9% 147.1 [18.5] 80.0% 195.6 [38.0] 79.3% 180.7 [39.2]

GLORYS 85.9% 147.1 [18.5] - - 90.2% 122.2 [34.7] 86.8% 106.9 [30.2]

OFAM3 80.0% 195.6 [38.0] 90.2% 122.2 [34.7] - - 86.0% 157.2 [40.2]

SODA 79.3% 180.7 [39.2] 86.8% 106.9 [30.2] 86.0% 157.2 [40.2] - -

EKE SICC 152.0 115.6 139.7 61.9

5.7.1. Cross-wavelet and Wavelet Coherence Analysis

We use cross-wavelet and wavelet coherence analysis to evaluate the relationship

between u′ and EKE (Torrence and Compo, 1998; Grinsted et al., 2004). This

kind of wavelet analysis aims to find common power and relative phase between

two time series in the time-frequency space (e.g. Jevrejeva et al., 2003; Mélice

and Servain, 2003; Ménard and Cazelles, 2007, and references therein). In this

way, the cross/coherence wavelet analysis can be thought of as an improved

substitute for the classical lagged cross-correlation method, with the advantage

of revealing temporal variations of the phase differences (Mélice and Servain,

2003). The cross-wavelet transform of two time series X and Y is defined

from their respective wavelet transforms as WXY
n (s) = WX

n (s)WY ∗
n , where

the asterisk denotes the complex conjugate, with the power spectrum given

by |WXY
n (s)|. For the cross/coherence wavelet, a Morlet mother wavelet is

used with a set of parameters similar to the ones described in Section 5.4,

except for the spacing between discrete scales (δj = 1/12). This parameter

has been modified for a better estimation of the statistical significance level in
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Figure 5.11.: Mean eddy kinetic energy (EKE) for the period 1993-2010 from

altimetry (a), GLORYS (b), OFAM3 (c) and SODA (d). Black boxes

show the SICC domain.

the wavelet coherence analysis (see Grinsted et al., 2004, for details about this

issue). To minimize the lower-frequency bias of the cross-wavelet spectrum, here

the spectra are rectified using the method of Veleda et al. (2012), which is an

extended version of the rectification proposed by Liu et al. (2007) for individual

wavelet transforms. For the cross-wavelet spectrum, statistical significance is

estimated against a red noise model as we did in Section 5.4 but at 95% level.

The interpretation of the cross-wavelet spectrum is straightforward. WhenX and

Y have large power at similar frequencies and around the same time, the cross-

wavelet variance is high regardless of the phase differences (Ge, 2008). For each

wavelet scale, the local phase difference between X and Y can be estimated as

∆φn,s = arctan[Im(WXY
n (s)/Re(WXY

n (s)]. Here, the phase differences are only

computed for the regions in the cross-wavelet spectra outside the COI, higher
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than 5% statistical significance and for scales in the QB band.

While the cross-wavelet spectrum expresses the amount of joint power of two

time series as a function of time and frequency, the wavelet coherency measures

how coherent the cross wavelet transform is regardless of the joint power

(Torrence and Webster, 1999; Grinsted et al., 2004; Jevrejeva et al., 2003).

Thus, the coherency is a measure of the covariance of two time series in the

time-frequency space (Torrence and Webster, 1999; Jevrejeva et al., 2003).

The wavelet transform coherence (R2
n(s)) is the absolute value squared of the

smoothed cross-wavelet spectrum, normalized by the smoothed wavelet power

spectra (Torrence and Webster, 1999; Grinsted et al., 2004). The magnitude

of R2
n(s) varies between 0 and 1, with 1 meaning the two signals are highly

correlated and 0 meaning no correlation. Details about the smoothing operator

for the Morlet wavelet used in the present paper are found in Torrence and

Webster (1999) and Grinsted et al. (2004). The statistical significance level

of the coherency spectrum is estimated using Monte Carlo methods following

Grinsted et al. (2004) and Jevrejeva et al. (2003).

The cross/coherence wavelet analysis was done at each longitude for the

20°S-25°S and 25°S-30°S latitude belts, as before. The time series of both

u′ and EKE are standardized (zero mean, unit standard deviation) prior to the

analysis.

5.7.2. Mean Phase Differences

Descriptive statistics (mean, confidence interval and standard deviations) of

phase differences between u′ and EKE have been computed at each longitude

using circular statistics (Figure 5.12). The circular mean of a set of angles (ai, i =

1..m) is defined as a = arctan(y/x), where x =
m∑
i=1

cos(ai) and y =
m∑
i=1

sin(ai)

(Zar, 2010; Jevrejeva et al., 2003; Grinsted et al., 2004). The respective
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Figure 5.12.: Longitudinal distribution of the mean phase differences between u′
and EKE in the QB band over the period 1993-2010. The phase

differences are only plotted if confidence intervals are less than

20°, with dots coloured according to the legend as: in-phase, anti-

phase, u′ leading EKE and EKE leading u′. The grey curves show
the standard deviations at each longitude using same vertical axis

scale. Upper (lower) row refers to 20°S-25°S belt (25°S-30°S)

belt.

standard deviation is given by σ(a) =
√
−2ln(R/m), where R =

√
x2 + y2, and

the 95% confidence interval estimated assuming a Von Mises distribution (see

Zar, 2010, for details). For these computations, only phase differences (∆φ) at

regions of the cross-wavelet spectra in the QB band, outside the COI and higher

than 5% statistical significance are used.

The simple descriptive statistics shown in Figure 5.12 do not indicate a unique

relationship between u′ and EKE across the SICC in the QB band. There are

regions where these two variables are in phase on average (stronger SICC/high

EKE), regions where they are in anti-phase (stronger SICC/low EKE), regions

where the SICC signal leads the EKE and vice-versa. This complex pattern is

found in all datasets. However, the longitudinal distribution of ∆φ is considerably
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different between them, except for altimeter and GLORYS where the patterns are

more alike. Another characteristic standing out is the large standard deviations

of ∆φ (around 90°), which indicates the phase differences are not static with

time and period.

5.7.3. High Joint Power

To better characterize the statistical relationship between u′ and EKE when these

variables have high joint power, bi-dimensional histograms were constructed for

the western (west of 80°E) and the eastern (east of 80°E) sub-basins. Here, the

bi-dimensional grid is defined by periods and angles. In a rough sense, these

histograms can be thought of as smoother joint probability density functions. To

yield these histograms, we first normalized each cross-wavelet power spectrum

by its maximum power. Then, we masked the regions in the normalized cross-

wavelet spectra where the power is higher than 70%, outside the COI and higher

than 5% statistical significance. For each time step, we find the spectral peak

and corresponding phase differences where they exist. The selected data are

split into a bi-dimensional grid with coordinate axes defined as 0°-360°(each

20°) and 1.1 yr to 2.9 yr (each 0.2 yr). For each bin of the grid, the number of

data falling in are counted, and normalized by the total number of selected data

to give relative frequencies. The magnitude of the R2 associated with the chosen

data have also been obtained from the wavelet coherence spectra and tabulated

in the same bi-dimensional grid as defined above. For each bin of the grid, the

R2 data are averaged to give an estimate of the correlation between u′ and EKE

when these variables have high joint power.

The histograms shown in Figure 5.13 reveal a number of characteristics about

the relationship between u′ and EKE across the SICC. First of all, this relationship

is complex: it depends on the latitude belt, the sub-basin and the dataset. In

a broad sense, two main peaks can be identified when u′ and EKE have high
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joint power, one peak is found around 1.5 yr and another around 2.0 yr. The R2

associated with the high joint power is generally greater than 0.5 for all regions.

The most consistent relationship between u′ and EKE occurs at 20°S-25°S in the

western sub-basin (Figure 5.13a), a region dominated by the northern SICC jet.

For all datasets, most observations in this histogram fall within the first and fourth

quadrants, being concentrated between 0°- 45°and 300°-360°, respectively.

This indicates a more in-phase relationship (strong u′/high EKE). The strongest

correlation between u′ and EKE is also found at 20°S-25°S (western) with several

bins reaching R2 =0.8-0.9. Major differences between the datasets are related

to the main QB period. Most observations in altimeter and GLORYS are found

around 1.5 yr and in OFAM3 around 2.0 yr.

In contrast, we can not identify any preferential phase relationship in the eastern

sub-basin at 20°S-25°S belt for all datasets. Most bins explain only 2%-4% of

the total data, spreading in all directions. Indeed, this characteristic is more

remarkable whether we plot all bins (not shown), and not only the bins explaining

more than 2% of the data as we did in Figure 5.13. The lack of any preferential

direction indicates the turbulent character of this region, which is a well-known

source area of westward propagating eddies and planetary waves.

The largest differences between the datasets are found in the 25°S-30°S belt.

In the western sub-basin, most of OFAM3 data fall within the second and third

quadrants, indicating an anti-phase-like relationship (strong u′/low EKE). In

contrast, GLORYS and altimetry point to a more in-phase relationship (first and

fourth quadrants). Even in the latter case differences exist, with most of the data

in GLORYS close to 315° , and a cluster near 45° in the altimeter dara. In OFAM3,

the peak is around 2 yr, while in the altimeter and GLORYS data there are two

peaks evident, one around 1.5 yr and the other between 2 yr-2.5 yr. This kind

of opposite patterns among the datasets is also found in the eastern sub-basin.

In this case, most of the OFAM3 data indicates that u′ leads EKE by 90°, while in
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Figure 5.13.: Statistical relationship between u′ and EKE at the high joint power
in the western (west of 80°E) and the eastern (east of 80°E) sub-

basins, for the 20°S-25°S and 25°S-30°S belts, and for periods

between 0.5 and 3 years. Radial circles show the period in years

and mark the phase differences (∆φ) between u′ and EKE. Colours
represent the average magnitude of R2 at each grid bin, which is
a measure of the correlation between u′ and EKE. Different shapes
are used for altimeter, GLORYS and OFAM3, with shape sizing

showing the relative frequency in relation to the total observations

(see legend). External labels point out where ∆φ is in-phase, anti-
phase, u′ leading EKE by 90°, EKE leading u′ by 90°. Only bins
with relative frequency larger than 2% are plotted.
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GLORYS the EKE seems to lead u′ (270°- 315°), although the eastern sub-basin

spectrum also has a turbulent characteristic.

5.8. Westward Propagation and Wave-Mean Flow Interaction

Time-longitude diagrams in the SICC domain reveal that the u′-QB signal

propagates westward in all datasets analysed here. For instance, Figures

5.14a and 5.14b show time-longitude diagrams from GLORYS and OFAM3 data,

averaged between 20°S-25°S and 25°S-30°S, respectively.

Broadly speaking, the westward propagating signal is slightly stronger and better

defined in OFAM3 than in GLORYS, particularly in the 20°S-25°S band (Figure

5.14a). The westward propagation is more regular between 100°E and 50°E

in both datasets. In the diagrams of Figures 5.14a and 5.14b, there are time

intervals in which the wave signal intensity is stronger and quite regular, as

exemplified between 1997-2002 in OFAM3, and 2007-2009 in GLORYS. The

period range of the well-defined westward propagation roughly corresponds to

maxima in the interannual modulation described in the wavelet analysis (Section

5.5). There are also time intervals when the u′-QB signal is weaker, and the

wave propagation signal is scattered, such as before 1996 in OFAM3. In all

time-longitude diagrams, local propagation discontinuities seem to consistently

coincide with the presence of abrupt bottom topography, such as around the

Ninety East Ridge (≈ 88°E). The characteristics described for OFAM3 and GLORYS

are also confirmed by the altimeter and SODA data (not shown).

The westward propagation of the EKE-QB signal is much less coherent than that

observed in the u′-QB. Compare the upper and lower diagrams in Figure 5.14.

In general, westward propagation in the EKE is better defined at the 25°S-30°S

belt, especially east of 90°E. Recall that the EKE also depends on the meridional

component of the velocities, which have not been analysed in the present work.
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Figure 5.14.: (a,b): Time-longitude diagrams of the u′-QB band from GLORYS

(left) and OFAM3 (right) averaged between 20°S-25°S and

25°S-30°S. Notice the clear westward propagation of the u′-QB
signal. (c, d): respective time-longitude diagrams of the EKE-

QB band for the same regions. Gray shadings show the bottom

topography from Smith-Sandwell 2 min bathymetry average in the

same latitudinal ranges.
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The differences in the westward propagation of the EKE and the u′ signals is one

reason for the complex phase relationship between these variables seen in Figure

5.13. Hereafter, only the propagation of the u′-QB signal is analysed.

A visual inspection of time-longitude diagrams from Figures 5.14a and 5.14b

indicates that the u′-QB signal takes roughly 2 to 3 years to cross the South

Indian Ocean basin in the SICC domain. Using the along-slope minimization

method developed by Barron et al. (2009), the westward phase speeds of the

u′-QB signal in the 20°S-25°S and 25°S-30°S belts are estimated. The dominant

phase speeds are computed from time-distance diagrams by minimizing the

mean along-slope standard deviation (see Barron et al., 2009, for a complete

description of the method). The method also provides the uncertainty in the

phase speed estimate, which is defined by values within 1% of the minimum

mean along-slope standard deviation. Barron et al. (2009) have shown that

the phase speeds determined using the along-slope minimization method are

consistent with those determined from multiple Radon transforms and Complex

Empirical Orthogonal Functions in the North and South Pacific Oceans, with the

advantage of quantifying an uncertainty for the estimate.

5.8.1. Phase speeds

The westward phase speeds of the u′-QB signal have been computed over two

different time intervals, a common time period between 1993-2010 and for each

of the datasets' full record (Table 5.7). By convention, the westward phase

speeds are positive in all figures and tables in the present work. For the common

time period, westward phase speeds vary from 6.9 cm/s (SODA) to 9.93 cm/s

(altimeter) at 20°S-25°S, and from 5.5 cm/s (altimeter) to 9.2 cm/s (GLORYS)

at 25°S-30°S. Except in SODA, the westward phase speeds are higher at the

20°S-25°S when compared with the 25°S-30°S belt, as should be expected.

When we consider the period between 1960-2010, the phase speeds in SODA
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Table 5.7.: Westward phase speeds of the u′-QB band for the 20°S-25°S and
25°S-30°S belts from altimeter, GLORYS, OFAM3 and SODA. Values

in brackets are the respective uncertainty ranges. Speed values are

in cm/s. Speeds were determined over a common time interval (first

and second columns) and over each of the dataset record length

(third and fourth columns). For GLORYS and altimeter, the period

spans from 1993 to 2012, and for SODA 1960 to 2010.

1993-2010 Record length

20°S-25°S 25°S-30°S 20°S-25°S 25°S-30°S

altimeter 9.9 [9.0-11.5] 5.5 [5.0- 9.0] 9.6 [8.5-11.0] 8.2 [7.2-10.6]

GLORYS 9.6 [8.5-10.6] 9.2 [5.0-10.6] 9.3 [8.2-11.0] 9.9 [8.4-10.6]

OFAM3 8.3 [7.4- 8.7] 6.7 [5.8- 8.2]

SODA 6.9 [6.4- 7.6] 7.3 [6.8- 7.9] 11.4 [9.0-19.7] 7.7 [7.0-9.2]

at 20°S-25°S is higher (11.4 cm/s) than at 25°S-30°S (7.7 cm/s), but there

is a great uncertainty in this estimate (9-19.7 cm/s). GLORYS and altimeter

have similar phase speeds over the 1993-2012 interval in the 20°S-25°S belt

(around 9.2-9.6 cm/s). Occasionally, as shown in Table 5.7, the phase speeds

at the 25°S-30°S belt are slightly higher than at 20°S-25°S in GLORYS and

SODA. This unexpected behaviour, however, is due to effects of the latitudinal

data averaging, as will be shown below.

Regarding the westward phase speeds in the case they are estimated at each

latitude grid point, the values increase with decreasing latitude, except near

10°S (Figure 5.15a). Although the SODA results are not plotted in Figure 5.15,

the meridional profile of the SODA phase speeds resembles the other datasets.

5.8.2. Rossby waves

The latitude-dependent pattern of the westward phase speeds is indicative of a

Rossby wave signal in the QB band. In order to examine this idea more closely,

theoretical values of the phase speeds for long baroclinic Rossby waves were

estimated in the 35°S-10°S latitudinal range. In a two-layer system framework,
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Figure 5.15.: (a): Westward phase speeds (left axis) for the u′-QB band for
the period 1993-2010. Only values that fall inside three standard

deviations of the meridional differences envelope are plotted. Black

line is the phase speed of long baroclinic Rossby waves from the

standard theory. Pink shading (right axis) shows the meridional

profile of zonal velocity averaged between the ocean surface and

depth of the σθ=26.5 and over 70°E-110°E from CARS09. It

indicates the mean position of the eastward SICC and westward

SEC. Magenta line marks the zero on the right axis. (b): the ratio

between u′-QB phase speeds and the respective theoretical values.
Pink shading highlights the eastward SICC domain. Horizontal lines

mark ratio=1 and ratio=2, respectively.
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the phase speed of long baroclinic Rossby waves is given by Cr = −βg′h/f2,

where β is the meridional gradient of the Coriolis parameter f , h is thickness

of the upper layer of the ocean, g′ is the reduced gravity g′ = g∆ρ/ρ, g is

the acceleration of gravity, ∆ρ is the density difference between the lower and

upper layers of the ocean (e.g., Rao et al., 2002; Bühler, 2014). Here, Cr is

estimated using the annual mean fields from the CARS09 atlas averaged between

70°E-110°E (see Menezes et al., 2014a, for a description of this dataset). h is

taken as the depth of potential density σθ=26.5 as a proxy for the upper layer.

The σθ=26.5 marks roughly the change from the surface eastward shear to the

westward shear underneath in the SICC domain (see Menezes et al., 2014a).

We have tested other values for h, including h as a constant, obtaining similar

results to those shown in Figure 5.15.

Overall, north of 20°S, the westward phase speeds from the u′-QB band are

scattered around the theoretical free Rossby wave phase speeds (black curve in

Figure 5.15a). Between 21°S and 28°S, the u′-QB phase speeds are consistently

larger than the predicted by the standard theory of freely propagating, linear

Rossby waves. This is the region dominated by the SICC system as indicated by

the mean meridional profile of zonal velocity (shading in Figure 5.15a). Except

for OFAM3, south of 30°S the u′-QB phase speeds are more tightly close to the

linear theory phase speed. In OFAM3, the uncertainness of the estimates are

higher south of 28°S.

Figure 5.15b shows the ratio between the u′-QB phase speeds and the respective

theoretical values. Clearly, the u′-QB phase speeds in the southern SICC jet

(25°S-28°S) are 2 to 5 times larger than those predicted by the standard linear

theory, suggesting some influence of the SICC eastward velocity on the observed

QB Rossby wave phase speed. Equatorward of 24°S, the ratios are mostly

contained between 1 and 2.

The subject of the matching Rossby wave theory and ocean observations became
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a hot top at the start of the satellite altimeter era (Chelton and Schlax, 1996;

Killworth et al., 1997). The literature about this subject is abundant (see the

introduction of Colin de Verdière and Tailleux, 2005, for a nice review). Important

works discussed new concepts of the so-called Non-Doppler Shift Mode and the

Advective Mode (see e.g., Colin de Verdière and Tailleux, 2005, and references

therein). For all new theories, especially those using these newly defined modes,

the vertical structures of density and zonal velocity play a significant role in

determining the Rossby wave phase speeds. Surprising results were found, in

particular that the sign of the phase speed correction can be opposite to the mean

flow sense (e.g., Dewar, 1998; Liu, 1999; Colin de Verdière and Tailleux, 2005,

and references therein). For instance, Colin de Verdière and Tailleux (2005) find

that the phase speeds of long baroclinic Rossby waves depend fundamentally

on the mean flow vertical structure, which may include, for example, even

its curvature Uzz (here U is zonal velocity, z is depth, and subscripts denote

differentiations). In the case of near-surface intensified eastward mean flow

such as the SICC, both the Uz and Uzz effects can contribute to increase the

westward phase speeds up to a factor of 2 accordingly Colin de Verdière and

Tailleux (2005). The reverse is true for a near-surface intensified westward mean

flow.

5.8.3. Wave-Mean Flow Interaction

Colin de Verdière and Tailleux (2005) derived a diagnostic non-dimensional

parameter that allows one to quickly examine whether the vertical variations

of the mean zonal current (Uz) is important in the determination of the phase

speed corrections. They defined this dimensionless parameter as the ratio of

the Rossby wave speed scale over the mean zonal flow vertical shear Uz. The

parameter is given by R(z) =
∣∣∣βN2H

f2Uz

∣∣∣, where β is the meridional gradient of
the Coriolis parameter f , N is the Brunt-Väisälä frequency, and H is a vertical
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depth scale. Notice that in Colin de Verdière and Tailleux (2005) this parameter

is denoted by R2 (and R2
o = −R2 when Uz < 0), but here we are denoting it

by R(z) to avoid confusion with the R2 spectra from the cross-wavelet analysis,

and use its modulus instead of their Ro = −R2 definition. According to Colin de

Verdière and Tailleux (2005), the influence of the mean flow vertical structure is

important when 1 < R(z) < 10.

Hence in the present paper, R(z) is used to gain insight on the importance of

the vertical structures of both Uz and N2. The aim is to take a first step to

better understand the physics of the interaction between the QB Rossby wave

and the SICC in the near future. Values of N2 and Uz are computed from

the CARS09 atlas, and averaged between 70°E-110°E. Here, U is the zonal

geostrophic velocity relative to 2000 m depth. The vertical scale H is set as

4000 m in our computation (as used by Colin de Verdière and Tailleux, 2005).

Figure 5.16 shows the vertical distribution of R(z) between the ocean surface

and 500 m depth as a function of latitude, overlaid with the respective Uz

values. Clearly, in the SICC domain (20°S-30°S) the R(z) values are smaller

than 10 (blue shadings), especially between 25°S-30°S and 100 m-300 m depths

(1 < R(z) ≤ 3). According to Colin de Verdière and Tailleux (2005), this fact

means that the Uz term plays a major role in the westward Rossby wave phase

speed determination. Because the vertical shear is eastward (Uz > 0) in the SICC

region, the sign of the phase speed correction to the no-mean-flow standard

theory increases the westward phase speed by up to a factor of 2. In this case,

the new theoretical phase speeds should be closer to the observed QB phase

speeds found here. North of 20°S, the R(z) values are much larger than 10,

meaning that the effect of the mean flow variations on the Rossby wave speed

correction is small.
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Figure 5.16.: The parameterR(z) (colour) as a function of latitude from the ocean
surface to 500 m depth. Black curves are the vertical shear of zonal

velocity Uz multiplied by 105. Units of Uz are s
−1. Solid (dashed)

curves are used for eastward (westward) vertical shear. Both R(z)

and Uz are derived from CARS09 atlas.

5.9. SICC Multiple Jet Structure

To evaluate the impact of the QB variability on the SICC multiple jet structure,

we have reconstructed the zonal velocity/transport fields as urec(t) = u′QB(t)+u,

where u′QB(t) is the quasi-biennial anomaly field in month t and u is the long term

time-average from Figure 5.2. Further, auxiliary indices have been constructed

in the region where the wavelet spectra have highest energy between 70°E and

80°E (e.g., Figures 5.7 and 5.9). In the long term time-average, the SICC splits

into multiple jets in this area. To construct these indices, we average the u′-QB

band of each dataset in the box defined by 23°S-25°S and 70°E-80°E.
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Two typical multiple jet configurations of the SICC can be identified in the

QB band reconstructed fields (see Figure 5.17). One pattern is characterized

by a robust northern SICC jet with a strong equatorward slant. This pattern

occurs at minimum values of the QB indices. In the second pattern, the

quasi-zonal central SICC jet is well developed between 70°E-90°E while the

northern SICC jet is weaker and almost non-existent. In both patterns, the

southern jet has a strong signature. The second pattern is identified when

the QB indices have maximum values. Figures 5.17a and 5.17b show two

snapshots of the QB band reconstructed fields from OFAM3 and GLORYS,

respectively. The left (right) hand side maps represent typical configuration

when the QB indices are maximum (minimum) (see Figure 5.17c). The QB

mode has the highest energy in the wavelet power spectra in the selected

reconstructed dates shown in Figure 5.17 (a and b). The wave signal intensities

are also stronger and quite linear near 75°E (Figure 5.17d). Moreover, no

IOD, ENSO or La Niña events occur in these dates in the Indian Ocean

(http://www.marine.csiro.au/m̃cintosh/Research_ENSO_IOD_years.htm).

Observe that the QB index from OFAM3 is more regular than GLORYS because

the QB band in OFAM3 is characterized by one main frequency (T ≈ 1.8 yr)

while GLORYS has two frequencies (T ≈ 1.5 yr and ≈ 2.5 yr) as revealed by the

wavelet analysis in Section 5.4. The modulation in these indices seems to be

tightly related to discontinuities in the wave signal (Figure 5.17d). For example,

in OFAM3 there is a discontinuity in the propagation of a positive anomaly at

about 75°E around 1998, resulting in a lower amplitude of the maximum around

1999. In 2003, the amplitude of the maximum is also lower, and there is no

clear westward propagation in this period. In GLORYS, the amplitudes of the

maximum are lower between 1998 and 2000, when the wave signal is mixed

(Figure 5.17d, left).

In summary, the SICC multiple jet structure is a robust feature. It can be

identified in the time-average fields (Figure 5.2) and in the QB band. The
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Figure 5.17.: Typical multiple jet structure of the SICC in the QB band for OFAM3

and GLORYS (a and b). Left (right) maps are reconstructions

when the QB signal is maximum (minimum) between 70°E-80°E

and 23°S-25°S (see panel c). Dates are indicated in the upper

right corner of each map. Only eastward zonal transports are

plotted. Gray contours in the maps are the 1000 m, 2000 m

and 3000 m isobaths from Smith-Sandwell 2-minute bathymetry.

(c): Quasi-biennial band-limited time series of the zonal transports

0/200 m average between 70°E-80°E and 23°S-25°S from OFAM3

(upper) and GLORYS (lower). Grey shading indicates the time of

the maximum and minimum plotted in (a) and (b), respectively.

(d): Time-longitude diagrams of the u′-QB band in m2/s for the
period 1994-2004 averaged between 23°S-25°S from OFAM3 (left)

and GLORYS (right).
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southern jet is stable in the QB band, which corroborates the findings from

Menezes et al. (2014a) that showed that the thermal front associated with the

southern jet is strong in the six hydrography sections they analysed (1995, 2007,

2012, 2013). Rossby wave dynamics seem to govern the northern and central

jets in the QB band.

5.10. Discussion and Conclusion

In the present study, the variability of the SICC system across interannual time

scales (T ≥ 1.2 yr) is thoroughly investigated. To the best of our knowledge

this is the first study dedicated to understand the SICC beyond the seasonal

cycle. In the interannual time scales, the quasi-biennial band (1.2 yr ≤ T < 3 yr)

dominates the SICC variability, explaining more than 40% of its low frequency

variance. Furthermore, around 18% of the SICC variance is due to variability in

the ENSO band (3 yr ≤ T < 7 yr) and less than 5% is explained by the QD band

(7 yr ≤ T < 10 yr), even in the long SODA reanalysis.

The spectrum of the SICC variability is consistent with other variables in the

Indian Ocean. For example, Tourre and White (2003) analyse SST and sea level

pressure (SLP) during the 20th Century, and find their QB (2.1 yr ≤ T < 2.8 yr)

and ENSO (3 yr ≤ T < 7 yr) bands dominating the joint low frequency variance

with no evidence of QD signals. White and Tourre (2007) compute the joint

spectrum of SSH, SST, surface winds and wind stress curl in the Indian Ocean.

The spectrum has high power in the biennial time scales and a spectral gap

between 5 and 9 years (their Figure 1). Tourre and White (2003) suggest that

the absence of QD signals, which are well observed in other oceans, might be

related to the relatively small size of the Indian Ocean (≈ 60° zonal width).

However, this does not seem to be a convincing explanation. For example, the

tropical Atlantic also has also a small width, and the QD signal there is quite

strong. Thus, the absence of QD signals in the Indian Ocean is still an open
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question.

The amplitudes of the u′-QB signal exhibit a decadal-type modulation, which

is represented by growth and decay cycles. Chiefly, low QB amplitudes are

found during the early 1970's and early 1990's, and high amplitudes in the

early 1980's and 2000's. We also find similar modulations of the QB band

in the sea level at Fremantle and in wind stress curl, although the periods of

maximum/minimum variance are different from the u′-QB band. Tourre and

White (2003) also describe decadal modulation of the QB band for SST and

SLP, finding that minimum amplitudes in these variables occur in the 1910's,

1940's, 1950's and 1980's. In the tropical southeast Indian Ocean, Rao et al.

(2002) report that the variance of temperature at 100 m depth in the QB band

undergoes growth and decay cycles, with high variance being found in the early

1970's, early 1980's and late 1990's. Hence, long-term modulations of the QB

band in both atmosphere and oceanic variables in the Indian Ocean do not seem

to be fortuitous, but their cause and (possible) interrelationship are still to be

investigated.

Overall, two spectral frequencies characterize the SICC QB band. There is a

stronger and well-defined peak centred around 1.5 yr-1.8 yr period, and a

secondary (weaker) peak at about 2.5 yr (GLORYS and altimeter) and 2.1 yr

(OFAM3 and SODA). This secondary peak mostly occurs west of 80°E, while the

main peak is found across the basin. Our results show that the largest energy in

the u′-QB band is found in the 1.5-1.8 yr peak, which corroborates the findings

of Sakova et al. (2005), Sakova et al. (2006) and Sakova and Coleman (2010)

that pointed out the existence of a 18-20 month peak (≈ 1.5-1.7 yr) in the Indian

Ocean.

As noted by Sakova et al. (2006), in most studies about interannual variability

in the Indian Ocean, the time series are usually filtered for periods greater than

2 yr. In the SICC region, this filtering procedure wipes out a large part of the
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variance of the QB band. For instance, McClean et al. (2005) conclude that the

quasi-biennial variability of SSH is of lesser importance east of 70°E, particularly

off western Australia, which is opposite to our finding here for the SICC and

the sea level at Fremantle. Consistent with our results, Schiller et al. (2008)

report the total transport 0/300 m of the Leeuwin Current as having a peak on

quasi-biennial time scales. The discrepancy in relation to the importance of the

QB band in the southeast Indian Ocean probably arises from the ad-hoc definition

of the QB band. In McClean et al. (2005), the QB band is in the interval between

1.9 yr and 3 yr, although their power spectra of dynamic height clearly show large

peaks around 1.5 yr-1.8 yr (their Figure 5). In their QB band, they find a spectral

peak around 2.7 yr. As we show here, the longer-period 2.5 yr peak is mostly

found west of 80°E, with much less energy east of this meridian. Taking into

account the different definitions of the QB band, our results agree with McClean

et al. (2005), such that the 2.5/2.7 yr variability is of lesser importance in the

eastern basin.

Contrary to the suggestion of Jia et al. (2011a) that in the interannual time-scales

the SICC is stronger during periods when the EKE is high, and weaker otherwise,

we did not find a unique relationship between u′ and EKE in the QB band in

all datasets analysed here. Notice that the QB band also accounts for most

of the EKE low frequency variance in the SICC domain. Instead, our analysis

reveals a complex relationship between the SICC strength and the EKE: there

are regions where their signals are in phase (stronger SICC/high EKE), regions

where they are in anti-phase (stronger SICC/low EKE), regions where the SICC

signal leads the EKE, and vice-versa. Even at the same longitude, the relationship

is not constant in time as indicated by the high standard deviation of the phase

differences (Figure 5.12). One reason for this behaviour is that the westward

propagation of the u′ and EKE signals are not equal in the QB band, with the

propagating EKE signal being much less coherent than that observed in the u′.

The complex relationship between the SICC strength and the EKE suggests
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that the underlying processes are likely to be more complicated than the

conceptual model outlined by Jia et al. (2011a). In their simple sketch, the

interannual variability of the EKE is a consequence of changes in the SICC

strength. They propose that a stronger (weaker) SICC increases (reduces) the

baroclinic instability of the deep westward and shallow eastward flow pair, since

the westward flow would be steady on interannual time scales. Then, the growth

(decay) of the baroclinic instability would lead to a stronger (weaker) eddy

activity, with a temporal lag around 5 months. This conceptual model is based

on a 2.5-layer reduced-gravity model and a regional slice of EKE and vertical

velocity shear (u(50m) − u(300m)). These regional slices were constructed by

averaging the EKE and vertical shear from SODA data over the eastern basin,

between 100°E-110°E and 15°S-35°S. Inferring the underlying processes based

on such a large latitudinal averaging can give misleading results, particularly in

the case of the southeast Indian Ocean. In this region, two dynamically different

eastward flows exist: the tropical EGC and the subtropical SICC. The EGC, flowing

north of 18°S, is maintained by a strong salinity front, while the vertical shear

in the SICC system arises from thermal meridional gradients with salinity being

of secondary importance (Menezes et al., 2013, 2014a). These currents have

different seasonal cycles, with the EGC being strongest in June-July when the

SICC is weakest in the southeast Indian Ocean (Menezes et al., 2013, 2014a).

Although the strength of the SICC and the EGC are of the same order, the EKE is

high in the SICC domain and relatively low in the EGC on average (e.g., Figure

5.11). Moreover, the large latitudinal averaging of Jia et al. (2011a) wipes out

very important fine scale dynamical structures, such as the multiple jet structure

of the SICC.

In the most modern paradigms of geophysical fluid dynamics, the emergence

of quasi-zonal jets is related to complex self-organization of the large-scale

dynamics of any initially almost isotropic turbulent flow (Dritschel, 2013; Scott

and Dritschel, 2012; Bühler, 2014; Baldwin et al., 2007, and references therein).
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Positive feedback interactions of waves and turbulence are responsible for the

generation and long-term maintenance of the multiple jet structure. Numerical

experiments suggest that the nature of the forcing (including for example vortex-

generation only by baroclinic instabilities) is of secondary importance to zonal

jet generation (Dritschel, 2013; Scott and Dritschel, 2012). An important

consequence to climate studies is that these zonal jets are found to act as

effective barriers for meridional transports of heat, momentum, chemical and

biological tracers (Scott and Dritschel, 2012). In fact, Huhn et al. (2012) show in

their Figure 1 that two SICC jets in the western basin act as boundaries (transport

barriers in the meridional direction) for the chlorophyll patch, in effect shaping

the Madagascar plankton bloom.

Two main configurations of the SICC multiple jet structure are found in the QB

band. These configurations are associated with minima and maxima of the QB

signal between 70°E-80°E. In the minima, the pattern is characterized by a

robust northern SICC jet. In the maxima, the quasi-zonal central SICC jet is

well developed between 70°E-90°E while the northern jet is weaker and almost

non-existent. The southern jet has a strong signature in both patterns. These

multiple jet configurations show some interplay with the westward propagation

of the u′-QB signal.

The u′-QB signal propagates westward with phase speeds resembling those of

Rossby waves, i.e., westward phase speeds decreasing with increasing latitude.

Between 20°S-30°S, the u′-QB signal spends roughly 2 to 3 years to cross the

South Indian Ocean basin. This time scale is similar to that found by Perigaud

and Delecluse (1993) using Geosat data. However, these results are different

from the interannual coupled Rossby waves described by White (2000) and

(White et al., 2004), where the signals from several variables take 3-4 years

to transit from the west coast of Australia to Madagascar. These interannual

coupled Rossby waves have larger wavelengths (λ > 4000 km), periods (T > 2

yr) and are slower (4 cm/s at 26°S and 5 cm/s at 18°S) than the u′-QB wave
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we find. The analysis of the QB band suggests to first order that the QB waves

in the South Indian Ocean are boundary-generated, free Rossby waves.

The westward phase speeds given by the u′-QB signal are roughly consistent

with phase speeds from the standard Rossby wave theory, equatorward of 22°S.

Interestingly, the observed QB Rossby wave is 2 to 5 times faster than that

predicted by the standard theory between 25°S-28°S, which is suggestive of

wave-mean flow interactions in the southern SICC jet domain. However, the

influence of the SICC eastward velocity on the observed QB Rossby wave phase

speeds can not be accounted for just by simple Doppler shifts.

To gain an insight into the physics of the interaction between the observed QB

Rossby wave and the SICC, we used the diagnostic parameter R(z) derived by

Colin de Verdière and Tailleux (2005). Surprisingly, this parameter indicates that

the vertical shear of the SICC plays a major role in the regional westward phase

speed intensification. In the SICC region, the values of the diagnostic parameter

are such that R(z) < 10, which according to Colin de Verdière and Tailleux (2005)

indicates that mean flow variations are important to the correct determination

of the phase speeds. Because the vertical shear is eastward in the SICC region,

the sign of the phase speed correction to the no-mean-flow standard theory

increases (quite surprisingly) the westward phase speed (e.g., Dewar, 1998;

Liu, 1999; Colin de Verdière and Tailleux, 2005, and references therein). In this

case, the new theoretical values should get closer to the phase speeds of the

observed QB Rossby wave in the SICC domain. Alternatively, equatorward of

21°S, the R(z) is quite large, indicating that the correction due to the mean flow

variations is small.

Our brief analysis of the R(z) parameter demonstrates the importance of

taking into account the SICC presence to fully understand the Rossby wave

characteristics in the South Indian Ocean, even beyond the quasi-biennial time

scale. Besides, it shows that the large regional intensification of the observed
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phase speed found here is not fortuitous, and is consistent with the presence of

the SICC. Different from other oceans, where westward flows dominate a large

part of the subtropical gyre region, the near-surface flows in the South Indian

Ocean are mostly eastward, occupying a large latitudinal range especially in the

eastern basin. Although this subject is fascinating, a detailed investigation of the

wave-mean flow interaction over the South Indian Ocean is out of the scope of

this paper, and is still to be addressed.

The QB time scale is well documented in the literature, but mainly restricted to

the equatorial and tropical regions of the Indian Ocean (e.g., Bracco et al., 2005;

Feng and Meyers, 2003; Jury and Huang, 2005; Loschnigg et al., 2003; McClean

et al., 2005; McPhaden and Nagura, 2014; Rao et al., 2002; Sakova et al., 2006;

Sakova and Coleman, 2010; Saji et al., 1999; Shinoda et al., 2004; Tourre and

White, 2003; Webster et al., 1999; White and Tourre, 2007, and references there

in). In these regions, the QB variability in the ocean is governed by tropical wave

dynamics: equatorial Kelvin and Rossby waves, off-equatorial Rossby waves

in the 5°S-10°S latitude range and coastal Kelvin waves in the western and

eastern boundaries (Feng and Meyers, 2003; Rao et al., 2002; Bracco et al.,

2005; Gnanaseelan et al., 2008; McPhaden and Nagura, 2014).

The QB band in the tropical and equatorial Indian Ocean is primarily associated

with the TBO and IOD modes (e.g., Loschnigg et al., 2003; Feng and Meyers,

2003; Rao et al., 2002; Bracco et al., 2005; McPhaden and Nagura, 2014). The

TBO, a coupled ocean-atmosphere-land mode, characterizes the tendency of a

strong Asian-Australian monsoon year to be followed by a weak one, and vice

versa (Meehl and Arblaster, 2002; Loschnigg et al., 2003; Schott et al., 2009,

and references therein). Indeed, several studies suggest that TBO and IOD

are linked, with the IOD having a well-known biennial characteristic (see e.g.,

Schott et al., 2009, for a discussion about this). For instance, Loschnigg et al.

(2003) suggest that the dipole mode is an integral part of the TBO. Nevertheless,

Palastanga et al. (2006) describe the IOD impacting the position and strength of
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the tropical and subtropical gyres. During the positive phase of the IOD, the latter

authors find the subtropical gyre being intensified and displaced equatorward

with the SEC being weaker west of the Mascarene Plateau (≈ 60°E). They suggest

the changes in the gyres might be related to forced Rossby waves in the tropical

region that arrive at the coast of Madagascar about 1 yr after each IOD phase.

However, this mechanism has not yet been investigated.

The QB band is one of the main modes of interannual variability in the

atmosphere. Besides the TBO at the troposphere, there is the well-known Quasi-

Biennial Oscillation (QBO) in the tropical stratosphere (e.g., Baldwin et al., 2001;

Bühler, 2014, and references therein). The physics of the QBO is governed by

wave-mean flow interactions, and the QBO and TBO modes may be related to

each other (Baldwin et al., 2001; White and Allan, 2001; Bühler, 2014). White

and Allan (2001) describe a global quasi-biennial wave propagating eastward

in the troposphere. They proposed these eastward biennial waves as being

associated with coupling ocean-atmosphere coupling. If and how the quasi-

biennial internal atmospheric modes relate to the subtropical South Indian Ocean

circulation is still to be addressed and constitute a nice idea for a new research

project.

Finally, as motivation for future studies, some interesting questions stand out

from our work: i) How does the QB variability of the subtropical SICC described

in the present work relate to the known tropical climate modes that have a

strong biennial component? ii)What are the main dynamic interaction processes

relating the observed ocean circulations in the tropics to the subtropics? iii) Does

the multiple zonal jet structure of the SICC influence the meridional heat and salt

transports on the interannual time scales?



Chapter 6

Summary and Conclusion

6.1. Research Overview

This thesis investigates the structure of the broad near-surface eastward flow

that dominates the subtropical circulation of the South Indian Ocean. This flow

is now known as the South Indian Countercurrent (SICC). The study also includes

the tropical Eastern Gyral Current (EGC), located east of 90°E, spanning between

15°S and 20°S.

When the present study started, the basic characteristics of the SICC system

were largely unknown, such as its vertical structure, spatial distribution, temporal

variability and basic dynamics. This study fills in some of the major gaps in our

knowledge about this important current system. It has been made possible due

to the recent availability of higher spatial resolution datasets with relatively long

time series.

Specifically, this study was designed to:

• Characterize the structure of the SICC and associated fronts

• Determine the SICC volume transport, its mean and seasonal cycle

• Investigate if the SICC can be described by the so-called STCC paradigm
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• Analyse and describe the temporal SICC variability across interannual time

scales

• Examine the different roles of the temperature and salinity fields in the

dynamics of the SIO eastward currents

• Find out whether or not the SICC and the EGC are currents with the same

genesis

• Analyse recently available salinity data, e.g. from the Aquarius satellite and

RAMA mooring array

The thesis is organized around four self-contained papers, each one studying

different aspects of the goals described above. The first two research chapters

(Chapters 2 and 3) are devoted to characterize the mean circulation, fronts and

seasonal cycle of the SICC and the EGC. Chapter 2 also investigates whether

the SICC is simply a STCC-type current, or if it is more complex. Furthermore,

Chapter 2 explores the idea of whether the identified SICC multiple jet structure

is related to the formation of a PV staircase in the South Indian Ocean, i.e., if

the dynamics of the SICC multiple jet structure is related to wave-mean flow

interaction processes.

Chapter 3, and a large part of Chapter 2, are also dedicated to understanding the

role of the unique SIO salinity pattern in the peculiar distribution of the eastward

flows. Surprisingly, the EGC dynamics is mostly governed by the upper ocean

salinity distribution. Hence in Chapter 4 a thorough analysis of the first two years

of the sea surface salinity data obtained from the Aquarius mission is made. This

study is complemented by data from Argo floats and the RAMA mooring array.

Aquarius, together with SMOS, are the first two satellite missions dedicated to

routinely measure the sea surface salinity fields from space at global and regional

scales, and represent a new milestone in oceanographic studies. In Chapter 5,

the time scales of the interannual variability of the SICC are investigated in detail.

To the best of my knowledge, this is the first study dedicated to understanding
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the SICC beyond the seasonal cycle.

6.2. Main Contributions

The criteria to name the SIO eastward current components

Objective criteria, geographical and dynamically-based, are proposed to create

a single and integrating nomenclature system to name the eastward currents of

the South Indian Ocean that avoids ambiguous interpretations. As described in

the Introduction, the ambiguous naming of the SIO eastward currents may have

contributed to the poor knowledge of the SICC, a major current system of the

South Indian Ocean.

The criteria presented are based on the analyses in Chapters 2 and 3. By such

criteria, the SICC is defined as the shallow subtropical eastward flow crossing

the basin between 20°S - 30°S, where the vertical shear arises from thermal

meridional gradients. The EGC refers to the shallow tropical eastward flow

between 15°S-20°S confined to the region east of 90°E, where the vertical

shear is dominated by meridional salinity gradients. The South Indian Ocean

Current (SIOC) is the deep-reaching eastward current around 40°S that crosses

the SIO, and is associated with the Subtropical Front (STF), as initially defined by

Stramma (1992). The SIOC is found north of the Antarctic Circumpolar Current

and is not well defined in southeastern Indian Ocean since the STF front is nearly

compensate in that region.

The SICC and EGC are different currents

A first scientific contribution of this thesis is to clearly show that the tropical

EGC and the subtropical SICC are currents with different genesis as discussed

in Chapters 2 and 3. The EGC is associated with the salinity front between the
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fresh Indonesian Throughflow Water and the salty subtropical waters. The SICC

is associated with thermal fronts at thermocline depths. The SICC and EGC have

different seasonal cycles. The SICC is stronger in the austral spring-summer and

weaker in the winter, while the EGC is stronger in the winter and weaker during

the summer. The EGC seasonal cycle has the same phase as the Leeuwin Current,

which suggests that the eastward current driven by salinity gradients is an

essential component for understanding the poleward-flowing Leeuwin Current.

The EGC is very likely to be a salinity-driven current

In the tropical southeast Indian Ocean, salinity overwhelms the temperature con-

tribution to density gradients, generating a near-surface eastward geostrophic

vertical shear that forms the EGC. If the salinity meridional gradients are

neglected, the eastward EGC vanishes both in the mean and seasonal cycle.

Since the temperature gradients in the EGC region generate westward vertical

shear, and both Sverdrup and Ekman wind-driven theories produce westward

flows in the southeast Indian Ocean, the EGC was indeed determined as being

salinity-driven.

Furthermore, the anticyclonic gyre centred in the Indo-Australian basin (5°S-20°S

and 100°E-125°E), with the SEC flowing westward along its northern flank and

the EGC flowing eastward along its southern flank, can only exist if the salinity

gradients are taken into account.

These results demonstrate the importance of buoyancy forcing in the South

Indian Ocean, which forms the salinity maximum in the subtropical region, and

the advection of fresh tropical waters associated with the Indonesian Throughflow

by the South Equatorial Current.
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The SICC is better described as a multiple jet structure

In the mean circulation, the SICC is best described as composed of three main

jets. Consistent names are provided for these jets: the northern, the central, and

the southern SICC. The stronger southern jet (3-4 Sv) crossing the basin around

26°S has an associated thermal front at subsurface depths around 100–200 m.

The central branch is found east of 75°-80°E, between 22°S and 24°S, and has

a volume transport between 0.5 Sv up to 3-5 Sv. Flowing on the southern flank

of the slanted northern cell of the subtropical gyre, the shallowest and weakest

northern SICC jet (≈ 1 Sv) has an equatorward orientation. Part of the northern

SICC seems to recirculate into the westward-flowing SEC, and part of it seems

to merge with the tropical EGC around 15°S–100°E.

The initial upstream SICC flow bifurcates into multiple jets between the Central

Indian Ridge (≈ 70°E) and 80°E. As documented in Chapter 5, this region is also

characterized by high interannual variability.

The SICC multiple jet structure is a robust feature. It can be identified in the

mean and seasonal fields as shown in Chapter 2, and also through interannual

time scales (Chapter 5). For instance, the SICC multiple jet structure has

two main patterns within the quasi-biennial band that explain most of SICC

interannual variability. One pattern is characterized by a robust northern jet.

In the other pattern, the quasi-zonal central SICC jet is well developed between

70°E-90°E while the northern jet is much weaker. The southern SICC jet has a

strong signature in both patterns within the quasi-biennial band.

Can the southern SICC jet be considered as a STCC-type current?

The southern SICC front strength is similar to a STCC-type current as shown

in Chapter 2. In the STCC paradigm, the formation of a thick low-PV layer (a

mode water) on the poleward side of the STCC front pushes the upper pycnocline
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upward, forming a meridional density front at the upper thermocline level and a

shallow eastward current by the thermal wind relation.

There are two mode waters poleward of the southern SICC jet. One is the Indian

Ocean Subtropical Mode Water (IOSTMW) in the western basin, and the other is

the (denser) south-east Sub-Antarctic Mode Water (SAMW) in the eastern basin.

The existence of these two mode waters may explain why the southern SICC

jet flows all the way across the basin from Madagascar to western of Australia.

As shown in the Introduction, the SICC is longer than the STCC-type currents

described in other oceans.

Although the southern SICC jet can be considered a STCC-type current, the STCC

mechanism does not explain the multiple jet structure of the SICC, especially its

well-defined central branch.

Evidence of a PV-staircase in the SICC region

In the SICC region, the PV meridional profile has a staircase-like form with a

steep gradient where the southern SICC flows, a quasi-homogenized PV north of

it, followed by a steep gradient at the position of the central SICC jet. By the PV

invertibility principle, the PV staircase causes intensified eastward jets located

at the latitudes of the steepest PV gradients and weaker westward return flows

at the mixed PV quasi-flat steps. The brief analysis made in this thesis suggests

that the PV staircase paradigm may explain the multiple jet structure of the

SICC. In this paradigm, the positive feedback interaction of waves and turbulence

are known to be responsible for the generation and maintenance of multiple jet

structures. An important consequence of such physics to climate studies is that

these zonal jets were found to be effective barriers for meridional transports of

heat, momentum, chemical and biological tracers. This paradigm agrees with

the findings by Huhn et al. (2012) that describe the SICC jets in the western

basin acting as boundaries (transport barriers in the meridional direction) for the
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Madagascar chlorophyll bloom.

Aquarius satellite measures relatively well the sea surface

salinity of the South Indian Ocean

Several concerns have been raised in the literature about satellite-based sea

surface salinity (SSS) data, as described in Chapter 4. Major identified biases

include direct and indirect effects of rainfall, illegal radio frequency interference,

ocean surface roughness and lower temperatures. The seasonal cycle also may

be impacted by residual errors in the correction for galactic effects and other

terms of celestial origin. These biases may have different regional patterns.

The present work was the first study that evaluates the Aquarius salinity data

in the South Indian Ocean. It shows that the Aquarius observations are highly

correlated with those of Argo floats. Aquarius gives fresher SSS than in situ

data in the tropical region due to rainfall effects, except in the eastern basin

where the freshening seems to be related to sharp localized leakages of very

fresh waters from the Indonesian seas that the Aquarius Level-3 product is not

able to accurately resolve.

Aquarius data also reproduces quite well the seasonal cycle obtained from the

RAMA mooring array, even in the high precipitation regime in the tropical region.

Hence, we can now use satellite and in situ observations to understanding the

processes controlling the SSS dynamics in the South Indian Ocean, and in turn

its upper ocean circulation.

Planetary wave signature in the sea surface salinity data

The annual cycle of sea surface salinity in the SIO is characterized by propagating

features that can be interpreted as a superposition of propagating planetary wave

modes (Kelvin and Rossby waves). Interestingly, the SSS annual propagating
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features have different characteristics west and east of the Ninety East Ridge

(≈ 88°E). East of the Ridge, the annual SSS anomalies propagate clockwise

centred roughly at 100°E–15°S. In this clockwise feature, a south-eastward

propagation is found in the tropics east of 90°E along the South Java Current, and

then a south-western propagation between 15°S–28°S and 100°E–115°E, and

a north-eastward propagation between 28°S and 12°S. West of the Ridge, the

propagation is mostly westward (south-westward direction), except near abrupt

bottom topographies such as between Madagascar and the Mascarene Ridge.

This is the first work in the literature to detect signatures of Rossby waves in

observed sea surface salinity fields (Aquarius and Argo-based gridded data).

Previously, Rossby wave signatures in sea surface salinity have been described

only in high-resolution model outputs (HYCOM). The SIO annual salinity waves

are strikingly different from the sea surface height waves obtained by altimetry.

However, the theoretical studies of the SSS dynamics are still in its infancy: even

the most basic theory describing annual SSS (possibly planetary) wave motions

is lacking. The results shown in this thesis indicate that this theory must include

processes dependent on different local atmospheric drivers, especially the E–P

forcing, and mid-ocean topographic steering.

The Quasi-biennial band dominates the SICC interannual

variability

In the interannual time scales, the quasi-biennial (QB) band dominates the SICC

variability, explaining more than 40% of its low frequency variance. Around 18%

of the SICC low frequency variance is due to variability in the ENSO band (3 yr

≤ T < 7 yr) and less than 5% is explained by the Quasi-decadal band (7 yr ≤

T < 10 yr), even in the long SODA reanalysis (100 years). The spectrum of the

SICC variability is consistent with other variables in the Indian Ocean (SSH, SST,

SLP, surface winds and wind stress curl).
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The largest energy in the SICC QB band occurs in the 1.5-1.8 yr peak, which

corroborates the findings of Sakova et al. (2005), Sakova et al. (2006) and

Sakova and Coleman (2010) that pointed out the existence of a 18-20 month

peak in the Indian Ocean. The SICC QB signal exhibits interannual and decadal-

type modulations, which are represented by growth and decay cycles. These

long-term modulations do not seem to be fortuitous, but their cause is still to be

investigated.

The Quasi-biennial zonal transport signal propagates with phase

speeds characteristic of Rossby waves

The quasi-biennial signal of the zonal transport/velocity propagates westward

with phase speeds characteristic of Rossby waves, i.e., westward phase speeds

decreasing with increasing latitude. Between 20°S-30°S, the QB signal spends

roughly 2 to 3 years to cross the South Indian Ocean basin. The QB wave we

described is different from the interannual coupled Rossby wave of White (2000)

and White et al. (2004), where the signals from several variables take 3-4 years

to transit from the west coast of Australia to Madagascar. These interannual

coupled Rossby waves have larger wavelengths and periods, and are slower than

the QB Rossby wave. The analysis of the QB band suggests to first order that

the QB waves in the South Indian Ocean are boundary-generated, free Rossby

waves.

How the westward propagating waves interact with the SICC?

Several pieces of evidence suggest that the eastward SICC interacts with the

westward propagating waves. For instance, the minimum amplitude of the

annual SSS Rossby wave is found in the region spanned by the southern SICC jet

around 25°S. Equatorward and poleward of the southern SICC, the amplitudes
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of the annual SSS wave are larger in both Aquarius and Argo data.

In the quasi-biennial band, the observed Rossby wave is 2 to 5 times faster than

that predicted by the standard linear theory in the southern SICC jet domain.

The analysis made in Chapter 5 indicates that the intensification of the observed

phase speed found is not fortuitous in this region, and is consistent with the

presence of the SICC.

A detailed analysis of the wave-mean flow interaction over the SICC region,

however, is outside of the scope of the present work and is left to future studies.

6.3. Final Remarks

This thesis contributes to an improved understanding of the upper ocean

circulation of the South Indian Ocean, especially focusing on the understudied

region spanning the SICC system. Throughout the Chapters, several different

questions were answered and new questions were raised. The diagnostic

analyses made here, based on observations and numerical simulations, strongly

point out that the SICC dynamics is governed by the interaction of processes

involving waves and mean flows, which is known to be typical of the self-

organized adjustment of rotating planetary turbulent flows. I believe this is the

avenue to follow in future theoretical investigations about the SICC. Further, a

detailed analysis of the potential vorticity fields and the frontogenesis of the

southern SICC and the EGC are still to be made.

In a climate perspective, an important line of work would be to investigate if the

SICC multiple jet structure influences the meridional heat and salt transports on

interannual time scales.

Theoretical studies complemented by observational analysis are still needed to

understand the SSS planetary wave dynamics. For instance, we do not yet

know whether the salinity waves identified in Chapter 4 are remote boundary-
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generated free waves, or locally forced Rossby-like waves. The present work also

showed evidence that the SSS waves are influenced by mid-ocean topographic

steering (Chapter 4), and this may be a good subject for future research.

The interannual variability of the SICC was found to be dominated by the QB

band. How this variability relates to the known tropical climate modes that have a

strong biennial component such as the Indian Ocean Dipole and the Tropospheric

Biennial Oscillation, and what would be the main dynamic processes relating the

observed circulations in the tropics to the subtropics, are still to be investigated.

The brief analysis of the quasi-biennial Rossby wave suggests the importance of

taking into account the vertical structure of the SICC to understand the Rossby

wave characteristics in the South Indian Ocean in the simplest possible theory.

Although this subject is fascinating, a complete theoretical basis is still to be fully

developed.

The results presented here demonstrate the importance of buoyancy forcing in

the South Indian Ocean, which forms the salinity maximum in the subtropical re-

gion. The SSS maximum region is particularly important because the Subtropical

Underwater (STW) is formed by subduction of surface waters in this area. In the

Atlantic and Pacific Oceans, the STW transport is tightly bound to the Subtropical-

Tropical Cell (STC). The STC is a shallow overturning circulation confined to the

upper 500 m depth that transports water subducted in the eastern subtropics to

the equatorial upwelling zones, while Ekman transport spreads the fresh tropical

waters toward the subtropics.

In the Indian Ocean, the STC picture is more complicated and not fully

understood to date. There is a Cross-Equatorial Cell (CEC) via the Somali

Current, with upwelling areas off Sumatra and Oman, and possibly two other

shallow overturning cells confined to the Southern Hemisphere (Schott et al.,

2002; Miyama et al., 2003; Schott et al., 2004). Specifically, one cell would be

associated with the upwelling band between 5°S to 10°S and the other cell would



Chapter 6. Summary and Conclusion 225

be located in the eastern basin. Since the EGC is associated with the salinity

front between the salty STW and the fresh Indonesian Throughflow Water, an

interesting research topic would be how the EGC and the Southern Hemisphere

STCs are related.

In recent years, the SSS maximum regions have attracted increasing attention,

with several studies indicating that these regions are becoming saltier as a result

of changes in the global hydrological cycle. How these changes impact the

circulation of the tropical southeast Indian Ocean is still to be determined.



Appendices





Appendix A

Mode water-induced subsurface frontogenesis from Kobashi

et al. (2006)

Kobashi et al. (2006) derived a diagnostic relation connecting the strength of

the STCC front to the presence of mode waters (low PV regions). Under the

quasi-geostrophic (QG) dynamics, the potential vorticity q can be written as:

q = ∇2Ψ+
∂

∂z

(
f2

N2

∂Ψ

∂z

)
+ f (A.1)

where, ∇2Ψ is the relative vorticity, Ψ is the geostrophic stream function, f is

the Coriolis parameter, N is the Brunt-Väisala frequency, and z is the upward

coordinate as usual.

Assuming the relative vorticity is negligible, N2 is constant, a beta plane

approximation f = fo + βy, where y is the northward coordinate and β = ∂f/∂y,

then the QG potential vorticity meridional gradient is:

∂q

∂y
=

f2o
N2

∂

∂z∂y

(
∂Ψ

∂z

)
+ β (A.2)

Noting that the zonal velocity u is:

u =
−∂Ψ
∂y

(A.3)

∂u

∂z
= − ∂Ψ

∂z∂y
(A.4)
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Then, the meridional gradient of q is:

∂q

∂y
= − f2o

N2

∂

∂z

(
∂u

∂z

)
+ β (A.5)

From the thermal wind ∂u/∂z =
g

foρo

∂ρ

∂y
, where ρ is density, ρo is a reference

density, and g is the acceleration due to gravity

Then substituting for ∂u/∂z in equation A.5, the meridional gradient of q is:

∂q

∂y
= − f2o

N2

∂

∂z

(
g

foρo

∂ρ

∂y

)
+ β (A.6)

Rearranging the equation above,

∂

∂z

(
∂ρ

∂y

)
=
N2ρo
fog

(
β − ∂q

∂y

)
(A.7)

Integrating in z,

∫ z

zo

∂

∂z

(
∂ρ

∂y

)
dz′ =

∫ z

zo

N2ρo
fg

(
β − ∂q

∂y

)
dz′ (A.8)

Then,

∂ρ

∂y
(z)− ∂ρ

∂y
(zo) =

N2ρo
fg

∫ z

zo

(
β − ∂q

∂y

)
dz′ (A.9)

We arrive at the Kobashi et al. (2006) equation, which represents a diagnostic

relationship between the STCC frontal strength and the integrated meridional

gradient of q underneath the front:

∂ρ

∂y
=
N2ρo
fg

∫ z

zo

(
β − ∂q

∂y

)
dz′ +

∂ρ

∂y
(zo) (A.10)
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